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FOREWORD 


The  Stiuctures  and  Materials  Panel  of  the  Advisory  Group  for  Aerospace  Research  and 
Developnent  (AGARD)  is  comprised  of  scientists,  engineers  and  technical  actainistratorn, 
from  industry,  government  and  universities  throughout  NATO,  concerned  with  advancing 
the  status  of  aerospace  research  and  development  and  with  developing  technical  means 
and  data  for  optimizing  the  vehicles  and  equipment  of  interest  to  NATO.  The  Panel, 
therefore,  provider  a  discussion  forum,  a  mechanism  for  exchcnglng  information,  and  a 
means  for  establishing  and  conducting  cooperative  laboratory  programs  in  selected 
technical  areas. 

One  of  the  technical  areas  of  piime  concern  to  this  Panel  is  that  cf  the  behaviour 
of  materials  and  structures  at  high  temperatures.  The  range  between  about  1000°C  and 
2500°C  is  of  particular  Interest,  partly  because  of  the  incidence  of  this  range  in 
powerplants,  very  high  speed  flight,  re-entry  from  space,  propulsion  devices  such  as 
rockets,  etc.  Several  projects  have  been  undertaken  by  this  Panel  on  the  development 
and  behavior  (mechanical  and  chemical)  of  materials  in  the  lower  part  of  this  range 
but  the  Panel  also  recognized  the  dearth  of  necessary  data  on  thermophysical  properties, 
the  lack  of  agreement,  or  in  some  cases  knowledge,  on  methods  of  determining  these  data 
and  the  inadequacy  of  tneory  and  understanding.  It  was  also  recognized  that  considerable 
work  wee  underway  on  this  subject  in  various  countries. 

Accordingly,  in  early  1966,  the  Panel  agreed  to  initiate  a  project  (1)  to  examine 
current  -'•iivities  and  to  evaluate  the  present  stage  of  knowledge  of  thermal  physical 
properties.  (2)  to  examine  techniques  for  their  determination  at  elevated  temperatures 
and  encourage  improvement  in  these  techniques  ot  development  of  new  ones,  (3)  to 
promote  fundamental  research  of  the  type  that  might  ,  -ovide  a  reliable  theoretical 
basis  for  the  calculation  of  these  properties,  and  (4)  possibly  to  define  and  organize 
a  cooperative  experimental  program. 

As  a  means  of  initiating  action  respompve  to  the  above  objectives,  Prof.  Dr  Erich 
Fitzer,  of  the  Institut  fiir  Chemische  Technik,  Karlsruho,  Germany,  was  engaged  to 
visit  a  number  of  sources  in  NATO  countries  in  order  to  prepare  a  survey  of  measurement 
techniques,  a  related  bibliography  and  a  limited  compilation  cf  data  and  theory  on 
selected  properties.  This  publication  is  Professor  Fitzer’  a  first  report  based 
primarily  on  his  first  series  of  visits  and  his  related  studies.  The  Panel,  in  the 
meantime,  has  engaged  in  a  supplementary  small  symposium  and  is  contemplating  a 
limited  cooperative  laboratory  program  to  test  the  reliability  of  measurement  of 
thermal  conductivity. 


NE.  Promise  l 
Chairman. 

AGARD  Structures  and  Materials  Panel 
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SUMMARY 


This  paper  is  the  first  report  on  a  series  of  visits  to  organisations 
in  NATO  countries,  undertaken  by  the  author  undei  the  sponsorship  of  the 
Structures  and  Material  Panel  of  AGARD.  It  contains  a  survey  of  measure- 
ment  techniques,  a  related  bioliography  and  a  limited  compilation  of 
data  and  theory  on  selected  theraophysical  properties  of  high  tempera¬ 
ture  materials.  The  visits  confirmed  that  knowledge  of  thermal 
conductivity  is  the  key  point  of  all  further  research  in  this  f'  Id, 
and  the  report  deals  mainly  with  its  measurement  and  theory;  als, 
considered  are  temperature  measurement,  dlffusivity.  thermal  expansion, 
omittance  and  specific  heat,  and  electrical  properties.  Research 
activities  and  programmes  within  the  NATO  nations  are  summarised  and 
proposals  for  collaboration  within  an  AGARD  research  group  are  discussed. 


RESUME 

La  pr^sente  couaunication  coustitue  le  premier  compte  rendu  d’ une 
sdrie  de  visites  faites  par  1' auteur  sous  l’^gjde  tie  la  Commission 
“Structures  et  Matdriaux”  de  1’ AGARD  &  divers  organismes  des  pays  de 
l’OTAN.  ^lle  comporte  une  dtude  des  diffdrentes  techniques  de  mesure 
utillsdes,  une  bib] tographie  y  relative  et  un  recueil  r^duit  de 
donn^es  exp^rimentales  et,  thdoriques  sur  certMnes  propridtds 
thermophysiques  des  mat^i iuux  pan.’  brutes  temperatures.  Les  visites 
ont  peiniis  de  confirmer  que  des  corcu issanccs  concernaot  la  conductivity 
thermique  constituent  le  point  clef  tie  toutes  les  nouvelles  recherches 
A  falre  dnr* s  ce  domains;  le  compte  rendu  porte  essentieliement  sur 
la  mesure  cl  la  thdorle  de  cettc  propriety  Sont  dgalement  examines 
les  proolAmes  de  la  mesure  dts  temperatures,  de  diffusivitd.  de  la 
dilatation  thermique  de  remittance  et  de  la  chaleur  spdcifique,  et 
des  proprldtAs  Alectz iques  L' auteur  d^crit  bri6vement  les  actlvitds 
et  les  programmes  de  recherches  en  cours  dans  les  pays  de  1’ OTAN  et 
dtudie  des  propositions  de  collaboration  dans  le  cadre  d’ un  groups  de 
recherche  de  l' AGARD 
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THERROPHYSICAL  PROPERTIES  OF  MATERIALS 
Erich  Pltzer 


1.  INTRODUCTION 


1. 1  The  Alas  of  AGARD  Project  MCPM  315 

During  the  22nd  Structures  *ud  Materials  Panel  session,  held  in  Delft  in  April  1966, 
a  aen  AGARD  Project  (M3*M  315)  was  discussed:  it  was  agreed  that  a  study  should  be 
■ade  of  the  most  important  theraophysf cal  properties  of  solid  materials  at  high 
temperatures,  especially  heat  conductivity  and  thermal  expansion. 

First,  a  survey  of  techniques,  particularly  to  establish  the  temperature  ranges  of 
their  application,  and  of  suitable  theoretical  approaches  was  planned,  particularly 
for  higher  temperatures.  Furthermore  the  adequacy  of  published  data  for  a  limited 
number  of  materials,  such  as  "super  alpha1’  titanium  alloy,  an  "alpha-botr’  titanium 
alloy,  a  heat  resistant  nickel  alloy,  tungsten  and  graphite  would  be  discussed. 

Ibis  would  be  with  particular  reference  to  the  identification  of  the  temperature 
range  over  which  the  measurement  of  these  values  begins  to  lose  accuracy  and 
reliability.  The  very  pure  metals  gold  and  platinum  would  be  taken  as  a  standard  for 
heat-conductivity  measurements. 

The  bin  ot  this  study  would  be  to  promote  fundamental  research  of  the  type  that 
night  provide  a  reliable  theoretical  basis  for  the  calculation  of  these  wid  other 
properties. 


1.2  Overall  Survey  and  Paves  is 

Several  visits  were  made  to  those  NATO  countries  thst  are  engaged  on  studU'a  of  the 
tbermopbysic/tl  properties  of  high  temperature  materials,  and  this  "sport  is  the 
result  of  these  visits.  The  visits  confirmed  the  assumption  that  kacsledge  of  the 
thermal  conductivity  is  the  key  point  of  ill  further  resesrch  in  this  field.  Precise 
measurements  of  thermal  conductivity  are  difficult  and  the  theory  of  thermal  con¬ 
ductivity  is  complicated  and  not  very  well  developed  TV*  report  therefore  deals 
mainly  with  th*  measurement  and  theo’-'-  of  thermal  conductivity  One  basis  of  all 
experimental  work  in  measurements  of  thermal  conductivity  is  the  exact  knowledge  of 
the  real  temperature  and  that  of  vail  temperature  differences  within  the  specie--  % 
Therefore  the  status  f  temperature  Measurement  is  discussed  first 


Diffustvity  is  discussed  in  detail,  not  only  as  a  means  of  determining  the  thermal 
conductivity  but  aisc  as  a  material  property  ehich  is  important  In  engineering 
calculations 


2 


The  thermal  expansion  behaviour  of  high  temperature  mater:'  s  is  treated  more 
briefly,  since  its  determination  does  not  present  so  much  of  j.  problem  and  because 
experimental  efforts  w'thin  the  countries  visited  are  not  as  extensive.  In  addition, 
the  theoretical  treatmtnt  is  very  difficult. 

Other  properties,  like  emittance  and  specific  heat,  are  only  discussed  insofar  ac 
they  are  important  for  the  execution  and  interpretation  cf  the  thermal  conductivity 
measurements. 

The  electrical  properties,  like  electrical  resistance,  Seebrck  coefficient  and 
residual  electrical  resistance,  are  necessary  for  the  theoretical  analysis  of  the 
thermal  conductivity  and  are  therefore  briefly  considered. 

The  status  of  the  measurement  of  all  these  properties  is  described  in  Section  2. 

Sections  4  and  5  are  shorter,  because  sufficient  published  literature  is  available 
on  these  subjects. 

Section  4,  dealing  with  thermophysical  properties  of  some  high  temperature  materials, 
is  based  on  the  excellent  reports  of  the  TPRC  nhermophysical  Properties  Research 
Center)  at  Purdue  University,  Vest -Lafayette.  Indiana,  USA.  The  discussion  of  the 
theory  (Section  5)  follows  closely  the  work  of  P.  G.  Klemens,  Pittsburgh,  and  that  of 
Berman  and  Ziraan  of  the  Oxford  group.  In  the  last  section  (6)  the  research  activities 
and  programmes  within  the  NATO  nations  are  summarised  and  proposals  for  a  possible 
collaboration  with  a  research  group  of  AGARD  are  discussed.  The  visits  showed  that 
all  future  work  on  this  project  will  be  of  great  interest  in  Europe  as  well  as  in 
America. 

1.3  Literature  on  Thermophysical  Properties 

Individual  reports  are  not  quoted  in  this  section.  Those  quoted  in  later  sections 
and  listed  in  Section  3.2  are  numbered  wiin  (Lit. No.).  The  result-  of  visits  to 
laboratories  and  discussions  with  specialists  are  referred  to  separately,  with  the 
term  (Vis  No.)  in  the  list  in  Section  3.  1. 

Only  literature  In  book  fora  and  monographs,  on  the  problem  outlined,  are  summarised 
in  this  section;  they  ere  grouped  as  follows: 

1.3  1  Phenomenology  and  Theory 

1.3.2  Experimental  Methods  and  the  Mathematical  Treatment  of  Heat  Transfer 
1  3.3  Data  on  Thenaophysical  Properties 
1.3.4  Proceedings  of  Special  Conferences. 


This  division  shows  up  the  lack  of  monographs  dealing  with  experimental  methods  so 
far.  which  aeans  that  special  meetings  are  necessary  Such  meetings,  dealing  with 
thermal  conductivity,  have  been  organised  successfully  m  *he  United  States  and  In 
England  during  the  past  six  years  (see  Section  1  3  41  Also,  a  new  monograph  on 
thermal  conductivity  bv  American.  British  and  Swiss  specialists  i;>  now  in  preparation 
Entitled  "Thermal  Conductivity",  it  is  edited  by  R  P  TVe  and  will  be  available  from 
Academic  Press  Inc  { London i  in  1968  Table  I  on  p  87  shows  the  projected  chapters 
arid  the  authors 
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On  the  other  thermophysical  properties  there  are  no  special  monographs,  although 
chapters  can  be  found  in  several  materials  handbooks. 


1.3.1  Phenomenology  and  Theory 


Klemens,  P.  G. 

1956 

Handbuch  der  Physik,  Bd.  14 

S..  *er,  Berlin 

Jones,  H. 

1956 

Handbuch  der  Physik,  Bd.  19 

Springer,  Berlin 

Drabble,  J.R. 
Ooldsmid,  H.  I. 

1961 

Thermal  Conduction  In 
Semiconductors 

Pergamon  Press,  Oxford, 
New  York,  Paris 

Ziman,  J.M. 

1963 

Electrons  and  Phonons, 
the  Theory  of  Transport 
Phenomena  in  Solids 

University  Press, 
Cambridge 

Zimar,  J.M. 

1964 

Principles  of  the  Theory 
of  Solids 

University  Press, 
Cambridge 

1.3.2  Ezperimen 
Treatmen t 

tal  Methods  and  Mathemat  ical 
of  Heat  Transfer 

Schneider,  P.  J. 

1955 

Conduction,  Heat  Transfer 

Addison -Wesley. 

Reading,  Mass. 

Tder,  F.X. 

1956 

Modeme  Messmethoden 
der  Physik. 

Teil  II,  Thermodynamik 

VEB  Deutscher  Verlag 
der  Wissenschaften, 
Berlin 

Campbell,  I.E. 

1956 

High  Temperature 

Technology 

J. Wiley.  New  York. 
Chapman  *nd  Hall, 
London 

Kingery,  W.D. 

1959 

Property  Measurements  at 

High  Temperatures 

J. Wiley,  New  York, 
Chapman  and  Hall, 

London 

Carslaw,  H  S. 
Jaeger.  J  C 

1965 

( 2nd  Ed.  , 

Conduction  of  Heat  in 

Solids 

Clarendon  Press, 

Oxford 

Arpacl,  Vedat  S 

1966 

Conduction.  Heat  Transfer 

Addison -Wes le.v, 

Reading,  Mass 

I.J.3  Ik  lid  on  Jhermophvs tea l 

t'r upr  - 1  in 

WADC  TK  58  47C 

1961-68 

Handbook  of  Thermophvsical 
Properties  of  Solid 

Materials 

Pergamon  Press. 

New  York.  London. 

Paris 

TPRC 

Beginning 

Data  Sheets  on  Thermo- 

Thermophysical 

196J  is  physical  Properties  Properties  Research 

cunt  lrulr.K  ( Pp  to  now  thermal  cor.  Center.  Purdue 

ductivit.v.  di  ffuslvltv.  Pniversity.  Lafayette, 

radiation  properties  Indiana,  USA 

viscosity,  specific  heat' 
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NSKDS  -  NBS  8 

1966 

Thermal  Conductivity  of 
Selected  Materials. 

(Metals  like  Al,  Cu,  Au, 

Fe,  Pt,  W;  oxides  like 

A1203,  BeO,  MgO,  ThOi 
and  some  organic  compounds) 

National  Standards 
Reference  Data  Series, 
US  Government  Printing 
Office.  Washington 

D.C.  20402,  USA 

NBS 

Beginning 

1965 

Reference  Tables  on 
Thermocouples. 

Thermometry  Project, 

NASA  Contract:  H  -  92152 

National  Bureau  of 
Standards,  Cryogenic 
Data  Center,  Boulder, 
Colorado,  USA 

Landolt  - 

Bornstein 

In  pre¬ 
paration 

Thermal  Conductivity  of 

Pure  Metals,  Vol.  II/5 

Springer  Verlag  - 
Berlin,  Gdttingen, 
Heidelberg,  New  York 

TPXC 

1967 

Thermophysical  Properties 
of  High  Temperature 

McMiller  Corporation, 
New  York,  NY,  USA 

Materials 

1.3. 4  Proceedings  of  Specialist  Conferences 

Thencal  Conductivity  1964  July  15-17  National  Physical  Laboratory, 

Conference  Teddington,  Middlesex,  England 

1961  Oct.  26-28  Battelle  Memorial  Institute 
Columbus,  Ohio,  USA 

1962  Oct.  10-12  Division  of  Applied  Physics,  National 
Research  Council,  Ottawa,  Canada 

1963  Oct.  16-13  Gatlinburg,  Metals  and  Ceremics 
Division.  Oak  Ridge  National 
Laboratory,  Tennessee,  USA 

1964  Oct,  13-16  US  Navy  Radiology  Defense  Laboratory, 
San  Francisco,  USA 

1965  Oct.  20-22  Denver  University  Dept,  of 

Metallurgy,  College  of  Engineering, 
Denver,  Colorado,  USA 

1966  Oct  9-21  US  Air  Force  Material  Laboratory, 

Wright-Patterscn  Air  Force  Base, 
Dayton,  Ohio,  USA 

Conference  on  "Technische  1965  March  11  VDI  -  Bericht,  Vo  1  112,  1966 

Temperaturmessung’'  Dusseldorf,  Germany 

Conference  o  ••Temperature, 
its  Measurement  ""I 
Control  in  Science  and 
Indust  rv" 


American  Conferences 
on  Thermal  Conductivity 


1962 


Vo  1  3,  Parts  1  and  2.  Reinhold, 
New  York.  1962 


2.  THE  MEASUREMENT  OF  THERMOPHYSICAL  PROPERTIES 


What  is  meant  by  tnermophysical  properties?  They  are  not  well  defined  and  could  be 
interpreted  as  specific  data  for  the  particular  materials  relating  to  thermodynamic 
factors  and  coefficients  of  transfer  phenomena.  All  measurements  of  these  properties 
must  be  correlated  to  the  measuring  temperature,  the  determination  of  which  is 
especially  difficult  above  '000oC.  The  problems  are,  for  example  disturbance  of  the 
temperature  distribution  by  heat  loss  effects  due  to  thermoc,'up>' or  by  radiation, 
or  the  impossibility  of  measuring  the  true  temperature  in  holes  by  pyrometers,  etc. 

A  further  difficulty  is  the  heating  of  the  samples.  In  all  cases  this  is  achieved 
by  direct  or  indirect  electrical  heating.  For  radiation  heating,  arc  furnaces, 
electron  guns  and  laser  sources  are  generally  used.  The  experimental  difficulties 
of  heating  are  not  treated  here,  but  aspects  of  furnace  construction  are  outlined  in 
the  books  by  Klngery  (Lit.l)*  and  Campbell  (Lit. 2),  and  in  a  paper  by  Rasor  and 
McClelland  (Lit. 3).  Further  references  are  quoted  later. 

2. 1  Temperature  Measurement 

The  devices  required  to  reduce  temperature  measurement  errors  to  tolerable  limits 
are  usually  those  which  constitute  the  major  limitations  on  the  design  of  an  apparatus 
for  the  determination  of  thermophysical  properties.  The  lack  of  agreement  between  the 
measurements  of  different  scientists  results  primarily  from  this  fact. 

For  thermal  conductivity  measurements  another  Umiting  factor  is  the  accuracy  with 
which  the  real  heat  flow  in  the  specimen  can  be  determined.  Furthermore,  it  is  more 
important  to  detect  small  temperature  differences  than  to  know  exactly  the  real 
temperature,  i.e.  seme  tenths  of  a  degree  at  200n°c. 

In  general  thermocouples  and  pyrometers  are  used  in  all  types  of  apparatus  for  the 
measurement  of  thermophy  sical  properties.  Resistor  thermometry  is  very  seldom  used 
directly  (Flynn,  0' Hagan.  Lit.  4;  R.L.  Powrftll,  Vis  38;  A.  D.  Little,  Vis.  35;  Kuhlman, 

Vis.  33;  Berman,  Vis.  20).  U  is  used  mainly  for  calibration  of  thermocouples. 

According  to  R  L. Powell  < Vis. 38)  the  standard  deviation  at  the  triple  point  of  helium 
is  about  0.  1  mV  corresponding  to  :20n°k. 

According  to  Rahlfs,  of  PTB  (Vis.  10)  the  calibration  is  performed  between  the 
boiling  temperature  of  liquid  oxygen,  -J83°C,  and  the  freezing  pc  in*  of  antimony,  +G30°C. 
Extension  of  the  temperature  range  up  to  1063°C  (gold  point)  is  in  hand. 

?.  1 . !  Thermocouples 

Thermocouples  have  the  following  advantages  simple  and  cheap  equipment,  point 
measurements  possible,  short  response  time,  good  contact  for  welding  or  soldering  to 
tne  test  specimen,  practically  unaffected  by  mechanical  forces,  high  stability  for 
long  duration,  high  sensitivity  and  accuracy,  direct  measurement  of  the  test 
temperature,  omittance  negligible 


Msr  an  explanation  of  I. It  nuaber  anci  Vis.  nun  er.  see  the  first  paragraph  o  l  Section  l  3  <p 
The  actual  references  are  listed  In  Sections  3  1  and  3  J  t pp  X3  and  55c 
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The  likely  sources  of  error  are:  electrical  leakage  of  the  insulation,  inhomogeneities 
of  the  wire  material,  additional  c-.m.  f.  in  the  circuitry,  disturbance  of  the  temperature 
distribution  br  heat  conduction,  contamination,  difficulty  of  precise  positioning. 

The  balance  of  advantages  and  disadvantages  is  mainly  affected  by  the  particular 
temperature.  Up  to  1000°C  most  difficulties  can  be  overcome.  At  higher  temperatures 
the  problems  of  electrical  insulation  and  of  chemical  and  physical  stability  become 
critical.  Table  II,  on  p. 88,  summarises  insulators  for  K<gh  temperature  (Lit.  5) 

The  latest  results  of  Kuhiman  of  GEC  (Vis. 33)  have  shown  that  BeO  is  the  best 
electrical  insulator  up  to  2300°C.  A  recently  found  transition  at  2000°C  can  cause 
cracks.  For  higher  temperatures  Hf02  is  the  best  material.  No  advantages  are  found 
in  using  1h02.  The  conmonly  used  thermocouples,  their  temperature  range  and  their 
accuracy  are  listed  in  Table  III  on  p.88. 

The  high  accuracy  and  sensitivity  of  the  thermocouples  shown  in  Table  III  have 
only  been  achieved  in  the  last  few  years  by  using  selected  wire  materials  and  by 
appropriate  calibration.  According  to  Rahlfs  of  PTB  (Vis. 10),  for  the  calibration 
of  Pt  vs  Pt/10  Rh  thermocouples  an  accuracy  of  ±0.  3°C  at  1063°C  is  claimed.  Up  to 
1000°C  Chromel-Aiumel  and  similar  iron  alloy  thermocouples  are  generally  used  because 
of  their  high  e.m.f.  But  the  experience  of  PTB  has  shown  that,  even  for  this 
temperature  range,  the  thermocouples  made  of  nob^e  metals  are  more  accurate  because 
of  their  greater  homogeneity  in  structure.  Yet  the  mechanical  preparation  of  the 
sheathed  thermocouples  causes  deviations  in  e.m.  f.  (Vis.  10,  PTB).  Thermocouples  for 
very  precise  measurements  have  generally  been  used  at  temperatures  below  about  1500°C 
up  to  now.  But  the  newer  thermocouples  Pt3oRh/Pt6Rh  (e.g. ,  Pt/RhEL18  from  Degussa), 
Pt20Rh/Pt5Rh  and  Pt40Rh/Pt20Rh  (Vis.  25).  have-  been  introduced  more  and  more  with 
success  for  precise  measurements  up  to  1800°C.  The  NBS  in  Washington  (Lit. 12)  and 
NRC  in  Ottawa  (Lit. 167,  168)  have  recently  published  reference  data.  In  addition, 
the  first  of  these  new  thermocouples  has  a  minimum  e.m.f.  at  room  temperature. 

Therefore  the  temperature  of  the  cold  junction  is  not  critical  and  it  is  not  necessary 
to  thermostat  it,  if  contamination  is  excluded  The  e.m.f.  changes  with  time  by 
diffusion  of  rhodium  through  the  hot  junction.  In  PTB  (Vis.  10i  an  error  of  0.5  to  1°C 
at  1000°C  is  observed  after  about  100  runs.  NRC  in  Ottawa  has  found  a  change  in 
calibration  for  their  Pt/Rh  thermocouples  of  about  5°C  in  500  hours  at  1500°C 
(Lit.  167,  1681.  The  refractory  metals  are  extraordinarily  sensitive,  due  to  impurities, 
diffusion  on  the  junctions  and  recrystallisation  Contamination  with  carbon  can  be 
avoided  by  sheets  of  tantalum  (Kuhiman,  Vis.  33)  The  tungsten -rhenium  thermocouples 
have  been  tested  by  Keith  (Lit  11)  and  by  Cunnington  (Vis.  061  up  to  2500°C 

In  obtaining  measurements  of  high  accuracy  with  thermocouples,  great  care  must  be 
taken  of  the  electric.-.!  errangement  and  the  measuring  procedure  All  additional  e  a  f.'s 
must  be  avoided  Berman  (Lit  6.  8,  Vis  20' uses  super -conducting  switches  at  low 
temperatures  <  T  v  40°X1  for  this  purpose  The  influence  of  electromagnetic  fields  can 
be  prevented  by  using  specially  twisted  bundles  as  •'(supensat  ing  leads,  shielded 
additionally  by  iron  tubes  iR  L  Powell,  Vis .381  In  high  temperature  apparatuses 
with  high  voltage  supplies  all  measuring  circuits  Bust  be  separated  from  power 
circuits  McKlcov,  Vis  -ill  To  minimise  heat  loss  by  conduction  in  the  thermocouple 
leads,  the  wires  are  positioned  along  an  Isotherm  around  the  specimen  Another  way  of 
preventing  heat  losses  is  to  connect  the  Measuring  thermocouple  to  another  one  heated 
separately  iGoldsmid.  Vis  25.  Hopkins.  Vis  ’4> 
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A  special  discussion  on  thermocouple  positioning  in  apparatus  for  the  measurement 
of  thermal  conductivity  has  been  given  by  Tye  (Lit. 158). 

2.1.2  Pyrometers 

Visual  pyrometers  can  only  be  used  for  temperature  measurements  above  600°C,  but 
their  use  is  not  limited  at  high  temperatures.  In  general  the  brightness  of  the  target 
at  a  specified  wave  length  is  visually  compared  with  the  brightness  of  an  electrically 
heated  tungsten  strip  lamp,  acting  as  a  reference. 

The  accuracy  is  improved  and  the  range  of  application  extended  by  the  use  of  photo¬ 
electrical  detector  systems.  Wheeler  (Vis. 21)  uses  photometric?!  pyrometry  above  300°C. 
In  Table  IV  (p.89)  data  are  give:  on  both  methods. 

For  the  visual  methods,  data  on  connercially  available  pyrometers  are  listed  in 
Lit.  13;  for  the  photoelectrical  system,  data  from  one  of  the  best  laboratory  develop¬ 
ments  are  given  in  Vis. 10  (PTB);  see  also  Table  V  (p.89)  on  commercially  available 
compact  photoelectric  pyrometers.  These  are  chiefly  used  in  the  United  States,  whiJc 
in  Europe  only  some  privftely  developed  ones  were  seen  during  the  visits  (Wheeler, 

Vis.  21;  Schmidt.  Vis.  7). 

In  all  measuring  systems  used  in  practice,  the  brightness  of  the  object  is  compared 
with  a  tungsten  filament  lamp  The  lack  of  agreement  given  in  Table  V  is  caused  by 
these  lamps.  Therefore  much  effort  has  been  devoted  to  developing  reference  lamps 
with  better  reproducibility. 

A  new  source  of  quasi -alack- body  radiation  for  accurate  pyrometry  up  to  2700°C  has 
been  developed  by  the  FPL  at  Teddington,  England  (Vis. 22,  Lit. 14).  Close  approximation 
to  a  black-body  source  is  achieved  by  electrically  heating  a  tungsten  tube  in  vacuo 
(to  1800°C)  or  in  argon  (to  77CC°C) .  This  tube  is  2  mm  in  diameter  and  45  mm  long. 

The  radiating  surface  is  formed  by  a  bundle  of  fine  tungsten  wires  placed  in  the  middle 
of  the  tube.  Within  the  limits  of  to.  2%  no  difference  in  emissivity  over  the  wave 
length  range  of  0  5  to  0.7  was  detected.  The  absolute  value  of  the  emittance  is 
higher  than  0  95.  The  constancy  of  the  vacuum  lamp  is  t0.02°C  per  100  hr  at  1800°C. 

With  argon  filling  there  is  a  constancy  of  about  ±0.05°C  per  hour  at  2700°C.  This 
new  lamp  will  be  used  in  recording  pyrometers.  Since  the  ceuperature  is  below  1250°C 
in  this  applicetion.  a  stability  better  than  to  l°C  can  be  expected. 

The  absolute  calibration  of  all  standard  lamps  is  performed  by  comparison,  with  the 
radiation  in  the  hollow  space  at  the  gold-point  (Vis  10,  PTB) 

A  pyrometer  with  a  very  low  response  time  (0  22  msec)  has  been  developed  by 
Bollenrath  (Vis  11.  l,tt  158).  A  germanium  photocell  is  used  for  temperature-  measure¬ 
ment  The  instrument  Is  used  for  temperatures  around  1000°r  and  an  accurac.  of  t  ]% 
is  claimed 

Furthermore  a  new  pvrooetrlc  system  has  been  developed  In  th“  "Istltulo 
Termometrico  Italtano”  at  Turin  by  G  Ruffino  and  his  co-workers  (Vis  18) 

Apart  from  the  development  of  the  new  pvioaeters  the  practical  side  of  the  pyro- 
metrical  measurements  must  be  considered.  An  important  point  is  the  emittance  of  the 
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object  and  this  difficulty  is  best  overcome  by  itaasuring  in  small  diameter  holes. 

Where  this  is  not  possible,  the  principie  of  two  colour  pyrometers  can  be  used 
(Schmidt,  Vis.  7). 

Further  errors  can  arise  when  the  radiation  from  the  source  is  absorbed  by  dust 
particles  and  smoke  in  the  high  temperature  furnaces.  This  is  a  severe  problem  in 
pyrometric  measurements,  especially  with  graphite  furnaces,  but  controlled  gas  flow 
can  help  to  alleviate  it  (Pears,  Vis. 42). 

2.2  Measurement  of  Thermal  Conductivity 

If  a  one-dimensional  homogeneous  h2at  flux  is  passed  through  an  isotropic  material, 
the  thermal  conductivity  \T  is  defined  by  Fourier’s  law 


where  q  is  the  rate  of  heat  flow  per  unit  time,  s  is  the  cross-sectional  area  at 
right  angles  to  the  direction  of  heat  flow  and  T  the  temperature  difference  along 
a  distance  l  in  the  direction  of  heat  flow. 

The  thermal  conductivity  is  a  function  of  temperature  and  therefore  only  small 
temperature  gradients  are  ailowed  in  precise  measurements.  On  the  otner  hand  this 
requirement  complicates  the  experimental  determination  of  temperatu~e  differences. 

For  the  calculation  of  the  thermal  conductivity,  knowledge  of  the  heat  flux  q/s 
Is  neces'-iry.  It  can  be  measured  directly  or  it  can  be  derived  from  the  temperature 
drop  in  t.aterials  with  known  thermal  conductivity,  through  which  is  passed  the  same 
heat  flux.  Absolute  methods  and  comparative  methods  are  now  considered  separately. 

2.2.1  Absolute  Methods 

The  heat  flow  can  be  determined  in  practice  by  measuring  the  electrical  energy 
dissipated  in  the  heater  or  by  using  a  calorimeter  as  a  heat  sink.  The  electrical 
method  is  more  generally  used  because  of  its  greater  accuracy  at  high  temperatures 

The  different  absolute  methods,  using  indirect  heating  of  the  samples,  will  be 
discussed  within  the  following  clas  1 icat  ions,  referring  to  the  boundary  conditions 
assumed  in  the  solution  of  the  general  heat • f ransport  equation 

2211  Longitudinal  Methods 

2212  Radial  Methods 

2212  Forbes  Rar  Methods 

Pi  rect  heating  methods  for  electrical  conductors  are  treated  in  ..  separate  section, 
the  boundary  conditions  being  usually  the  same,  or  ,:tmi!ar  to.  those  just  given 
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2 .2.1.1  Longitudinal  Methods 

(a)  Principles  of  the  method  and  design  of  the  apparatus 

In  the  longitudinal  method,  long  cylindrical  specimens  are  used  which  are  in  con¬ 
tact  at  the  ends  with  a  heat  source  and  a  heat  sink  respectively. 

Under  the  assumption  of  unidirectional  heat  flux  from  heat  source  to  heat  sink  the 
thermal  conductivity  can  be  calculated  from  the  temperature  gradient  along  the  specimen 
axis,  if  the  quantity  of  heat  flowing  from  the  heater  to  the  sink  and  the  cross  section 
of  the  sample  are  known.  Because  of  the  unidirectional  heat  flux,  the  longitudinal 
method  can  be  used  equally  well  for  isotropic  as  for  anisotropic  materials. 

TOE  GUARD 

To  prevent  radial  heat  losses  the  specimen  rod  is  surrounded  by  a  guard  tube, 
matched  as  well  as  possible  to  the  temperature  distribution  along  the  sample  by 
cylindrical  heaters  wound  on  its  outer  surface.  Very  often  as  many  as  four  separately 
regulated  guard  heaters  are  used.  The  thermal  conductivity  of  the  sample  and  the  guard 
should  be  of  the  same  order  of  magnitude.  Ideal  matching  of  the  temperatures  of  the 
specimen  and  the  guerd  is  impossible. 

To  minimise  radial  heat  loss  effects,  thick  specimens  should  be  used  and  the 
temperatures  should  be  measured  near  the  rod  axis.  In  practice  nearly  all  measure¬ 
ments  are  made  with  long  thin  samples,  to  allow  more  accurate  measurement  of  temperature 
gradients  over  the  long  distances  (Laubitz,  Lit. 15).  Additionally  Lanbitz  recommends 
matching  the  temperature  of  the  environment  roughly  to  that  of  the  guard.  The  matching 
prints  need  not  be  in  the  immediate  vicinity  of  the  guard  heater;  as  long  as  the 
matching  point  is  outside  the  heater  region,  the  fractional  temperature  deviation  from 
the  ideal  is  constant  along  the  whole  length  of  the  specimen.  The  space  between  sample 
and  guard  should  be  kept  small  and  is  preferably  evacuated  Nevertheless  radiation  to 
the  :older  walls  cannot  be  sufficiently  suppressed  at  higher  temperatures.  In  practice, 
this  limits  the  application  of  this  method  to  temperatures  of  850-1000°C. 

THE  HEAT  FLUX 

The  heat  flux  is  measured  either  electrically,  by  the  energy  input  to  the  heater, 
or  with  a  calorimeter  in  the  heat  sink.  In  either  case  proper  contact  between  the 
specimen,  the  heater  and  the  sink  is  required.  When  the  heat  flux  in  the  heater  is 
determined  electrically,  heat  losses  by  the  contact  wires  of  the  heater  must  he  kept 
very  small  by  using  thin  leads  In  many  cases  the  heaters  are  arranged  in  a  hole  in 
the  specimen  (Lit.  16,  17). 

TOE  TFXPERATURF  MEAS"Ri-XFNT 

In  all  cases  temperatures  are  determined  by  thermocouples  positioned  in  the 
direction  of  toe  heat  flux  lo  avoid  heat  conduction  along  the  thermocouple  wires  it 
is  recommended  to  wind  them  mice  on  an  isotherm  around  the  rod  A  comparison  of  the 
thermocouples,  in  position,  under  isothermal  conditions  is  recommended  before  starting 
the  • jperiraent 

(M  Mil  t it s  nr M  occur ncv  of  mrtiwiremenls 
ACCURACY 

The  definition  of  the  measur  -lent  errors  is  first  discussed 

KcKlri.y  d.it  1 8 >  divides  the  errors  contributing  to  the  inaccuracy  of  any  system 
into  two  groups  determinate  errors  and  ludet  eralnate  errors  The  latter  are  dlfficui* 
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to  predict..  Therefore  the  uncertainty  quoted  for  most  measurements  is  only  a  summation 
of  the  determinate  errors.  For  measurements  made  as  a  function  of  a  continuous  variable, 
imprecision  can  be  defined  as  the  maximum  deviation  of  any  data  from  a  smooth  curve. 

The  precision  is  quite  different  from  accuracy,  since  an  apparatus  could  yield 
remarkably  precise  date  but,  because  of  systematic  errors,  can  be  extremely  inaccurate. 
The  precision  is  composed  of  two  terras,  repeatability  and  reproducibility.  Repeat¬ 
ability  is  the  data  spread  associated  with  repeated  observations  without  any  imposed 
system  change.  Reproducibility  is  the  data  spread  associated  with  repeated  observations 
with  intermediate  imposed  system  changes.  According  to  Mct'roy  the  reproducibility  is 
5  to  10  times  the  repeatability  for  good  measurement  systems.  The  absolute  accuracy  is 
20  to  30  times  this  repeatability. 

According  to  R.L. Powell  (Vis. 38)  the  precision  is  the  standard  deviation  of  repeated 
measurements  with  different  samples,  and  the  accuracy  is  about  10  times  the  precision 
in  all  thermophysical  measurements 

It  will  be  shown  later  that,  In  R.L. Powell’s  most  exact  measurements  of  thermal 
conductivity,  using  the  longitudinal  method,  the  precision  was  found  to  be  0.  1%;  that 
means  an  accuracy  less  than  1%.  Unfortunately  the  measurement,  errors  of  most  data 
given  in  literature,  as  well  as  those  discussed  during  the  visits,  are  not  in  line 
with  the  definitions  just  given.  Very  often  the  standard  deviation,  i.e.  precision 
according  to  Powell,  is  used  as  accuracy.  It  was  impossible  in  this  report  to  refer 
all  comments  to  a  Uviiform  definition.  This  could  be  a  programme  for  a  working  group 
of  specialists. 

In  the  following  a  summary  is  given  of  the  accuracies  of  different  factors  deter¬ 
mining  thermal  conductivity  measurement.  In  a  longitudinal  apparatus. 

Geometric  dimensions  can  be  usually  measured  to  5  x  10’“  cm  (D.  R.  Flynn,  Lit. 4; 

R.L. Powell,  Lit.  19).  Occasionally,  witi  '  ery  soft  materials,  the  accuracy  is  worse; 
seldom,  however,  does  this  contribute  significantly  to  the  overall  inaccuracy 
(M.  I  .  Laubitz,  Vis  25). 

Temperature  measurements:  as  far  as  the  accuracy  of  these  is  concerned  (see  also 
Section  2  1).  the  probable  uncertainty  in  the  gradient  due  to  inaccuracies  in 
effective  thermocouple  positions  is  to.  2%  (Lit  19). 

Flynn  (Lit.  4)  reports  that  with  careful  calibration  and  using  tne  "isothermal  test", 
the  errors  introduced  bv  the  conversion  of  thermocouple  e.a.f.  to  temperature  are  less 
than  to.  2%  of  a  40°C  temperature  drop  in  the  specimen  up  to  1000°C.  The  errors  in 
reading  the  e  m  f.’s  are  not  more  than  to  05%  (for  this  40°C  drop).  Errors  due  to  heat 
conduction  along  thermocouple  leads  car  certainly  be  made  less  than  to  05%.  Summarising, 
this  glv*>«  a  maximum  uncertainty  in  the  temperature  gradient  of  to  59%.  while  the 
probable  uncertainty  is  to  29% 

Heat  flow  errors  in  the  mea-surrmerp  of  heat  flow  derive  from  many  sources,  too.  At 
present,  at  least  the  following  accuracies  can  be  achieved  calibration  of  potentiometer, 
voltbox  and  shunt  box  -  to  01%.  e  a  f  of  the  standard  ceil  <  to  01%  (Flynn,  Lit  4). 

Potential  differences  of  about  0  I  ;.v  can  be  detected,  corresponding  to  temperatures 
of  0  02  K  at  liquid  helium  temperatures  and  0  002°K  at  room  temperature. 

Applying  correct  ions  to  the  voltage  drop  In  the  potential  leads  and  for  the  current 
passing  through  the  voltbox  <  rO  2  0  4%)  the  a<-  uracy  of  the  measured  power  Input  can 
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be  ±0.  05%.  Heat  flow  along  the  current  leads  can  be  held  below  i0.  05%.  Errors  due  to 
shunting  of  heat  by  the  thermocouples  and  b.v  the  guard  can  be  rather  large,  but  can 
be  restricted  to  oelow  0.3%  at  1100°C.  By  proper  arrangement,  of  the  system  the 
accuracy  In  heat  flow  measurements  can  be  better  than  ±0.35%  even  at  1100°C. 

STATOS  OF  THE  LOW  TEMPERATURE  APPLICATION 

The  longitudinal  method  Is  best  for  measuring  the  thermal  conductivity  at  low 
temperatures,  where  heat  losses  by  radiation  can  be  neglected.  Therefore  the  very 
accurate  equipment  of  R.L.  Powell  (Vis.  38,  Lit.  19)  will  be  discussed  in  some  detail, 
to  outline  the  best  accuracy  achieved  up  to  now  by  the  longitudinal  method. 

This  apparatus  is  used  in  the  temperature  range  from  4°K  to  300°K.  The  cryostat 
consists  of  concentrically  mounted  specimen,  thermal  shield,  vacuum  container,  glass 
Dewar  and  outside  metallic  Dewar.  The  heat  sink  is  maintained  at  a  constant  low 
temperature  by  a  refrigerant,  usually  a  liquefied  gas.  Metal  specimens  are  0. 367  cm 
in  diameter  and  23  2  cm  long;  plastic  specimens  are  2.54  cm  in  diameter  and  10.5  cm 
long.  The  diameter  has  a  tolerance  of  0.0005  cm  and  0.001  cm  respectively.  Gold- 
cobalt  versus  copper  thermocouples  are  used.  Potential  differences  of  about  0. 1 
can  be  detected.  The  thermocouple  holders  have  a  thin  interior  edge  that  gives  line 
contact  between  the  holders  and  the  sample.  The  actual  distances  are  measured  by  a 
vernier  height  gauge  with  an  accuracy  of  about  ±0.0005  cm. 

For  improvement  of  the  contact  between  the  specimen  and  the  heater,  mercury  is  used 
for  metals  and  a  large  copper  washer  for  plastics.  The  guard  is  divided  into  three 
zones;  the  bottom,  centre  and  top  of  the  shield  are  used  as  mat; ding  points.  The 
thermocouple  error  is  estimated  to  be  less  than  ±1%  over  most  of  the  temperature 
range.  The  precision  is  i0.  1%. 

R.L. Powell  is  now  working  on  an  improved  device  and  hopes  to  achieve  far  better 
results.  He  will  use  a  guard  with  four  heaters  and  the  same  size  of  specimen  will  be 
used.  Temperature  measurements  are  provided  at  eight  points,  avoiding  any  heat  losses 
by  the  thermocouples 

The  apparatus  will  have  a  flatting  heat-sink  for  achieving  every  temperature 
between  liquid  helium  and  liquid  nitrogen.  In  this  way  temperature  differences  of 
only  I015°K  can  be  realised  over  the  whole  length  of  the  specimen 

Electrical  measurements  will  be  done  on  the  spn  'mens  at  the  same  time. 

These  measurements  of  thermal  conductivity  will  defin<*  a  new  limit  for  practical 
accuracy  in  thermal  conductivity  measurements 

All  methods  of  determining  thermal  conductivity  at  high  temperatures  should  be 
regarded  critically  on  the  basis  of  this  error  analysis  for  low  temperature  aeasure- 
me  '  s 

STATUS  OF  THE  HIGH  TEMPERATURE  APPLICATION 

Because  of  the  impossibility  of  compensating  completely  neat  losses  due  to 
radiation  the  longitudinal  method  ran  only  be  used  up  to  about  IdiXV’C  Eor  high 
temperature  application  Flynn’s  equipment  M.it  is  round  to  he  the  most  exact  It 
Is  used  from  -15(llV  to  llOO'V  and  an  accuracy  of  tl  It  at  JOO'V  and  0%  at  •HtiVV 
is  claimed  For  temperature  measurement  Pt  versus  Pt  lORh  thermocouples  are  employed 
Til1'  speciae;.  is  a  bar  of  J  cm  diameter,  at-  'it  13  cm  long  This  method  is  combined 
with  another  using  direct  heating  The  ref 're  the  specimen  is  machined  »,*h  a  r.eck  ■  see 
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Section  2.2. 1.4  and  Vis.  40).  The  guard  Is.  regulated  by  three  narrow  heaters,  one  at 
each  end  and  one  In  the  centre,  in  addition,  the  guard  is  placed  in  an  isothensal 
furnace.  The  space  between  the  specimen  and  the  guard  is  filled  with  alumina  powder 
of  very  low  thermal  conductivity  and  low  density. 

(c)  Alternative  design  of  the  longil  idinal  method 

la  a  longitudinal  method  with  compensated  heat  flux,  H.E.  ScLiidt  (Vis.  7)  has 
developed  a  modified  apparatus  without  a  guard.  The  method  uses  two  miniature  furnaces 
attached  to  the  faces  of  a  cylindrical  sample,  about  6  mm  in  diameter  and  1  mm  thick. 
The  conductivity  of  the  specimen  is  determined  by  measuring  the  electrical  power 
necessary  to  compensate  for  a  given  temperature  gradient,  across  the  sample.  The 
temperature  is  measured  directly  at  the  interfaces  between  the  specimen  and  the  heaters 
This  method  can  be  used  from  20  to  1000°C  with  an  accuracy  better  than  ±5%.  The 
application  is  restricted  to  materials  with  low  conductivity  (k  <0.2  W/cm  °C>  (Lit.  20) 

(d)  Application  of  the  longitudinal  heat  flow  methods 

fCo  further  details  on  conventional  longitudinal  heat  flow  apparatuses  are  reported 
here,  but  a  critical  analysis  of  the  longitudinal  method  is  given  by  Laubitz  in  Lit.  15. 
Table  VI  (p.90)  gives  a  survey  of  institutes  using  longitudinal  heat  flow  methods. 

(e)  Summary 

The  longitudinal  heat  flow  method  is  commonly  used  for  low  temperature  thermal 
conductivity  measurements,  but  even  for  temperatures  up  to  1000ClC  a  surprising 
accuracy  of  ±1*  can  be  obtained.  This  method  gives,  at  )ow  temperatures,  the  most 
accurate  values  of  all  thermal  conductivity  devices. 

The  higher  the  temperature  the  greater  are  the  difficulties,  because  of  the  radial 
heat  flux  which  cannot  be  sufficiently  controlled  by  guarding  Therefore  the 
temperature  '■ange  of  practical  use  is  below  800  to  1000°C.  Nevertheless  corrections 
for  radial  heat  flow  are  necessary  at  temperatures  greater  than  400°C.  The  use  of 
specimens  with  large  diameters  is  suggested. 

Because  of  the  one-dimensional  heat  flux  this  method  can  be  used  for  both  isotropic 
and  anisotropic  materials  For  determination  of  the  temperature  only,  thermocouples 
are  used. 

Longitudinal  methods  are  not  applicable  in  the  range  above  1000°C  which  is  of 
special  Interest,  but  they  ore  valuable  for  really  low  temperature  measurements,  which 
are  of  fundamental  Importance  in  theoretical  studies  of  thermal  conductivity  (see 
Sect  ion  5) 


Htuii'i1  Vethoih 

(a)  rr  l.'li  !/'  le  >  of  (hr  method  u  r.d  design  .>f  the  apparatus 

In  the  radial  methods  a  known  radial  heat  ?!•’*  Is  passed  through  a  thick  walled 
hollow  cylindrical  specimen,  in  either  the  outward  or  the  inward  direction,  and  the 
temperatures  in  the  specimen  are  measured  at  different  radii  The  heat  fit.  *  is 
determined  either  by  aeasui.ug  the  electrical  po"er  dissipated  bv  the  central  heater 
(radial  outf.  w  methods  -.r  by  measuring  the  amount  of  heal  ahaortwd  in  a  centra! 
calorimeter  in  a  «*  veu  time  .radial  infl ->w  method' 
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The  solution  of  the  heat  transport  equation  for  radial  heat  flow  i« 

x  =  q  lo*e 

277(T1-Ti) 


(2) 


where  q  Is  the  rate  of  heat  flow  per  unit  length  of  a  cylindrical  specimen  and 
rt  ,  r2  are  the  radii  where  the  temperatures  Tj  and  T2  are  measured  (at  the  same 
cross-section) . 

From  Equation  (2)  it  follows  '.hat  only  the  ratio  of  distances  Is  necessary  for  the 
calculation  of  the  thermal  conductivity,  not  the  absolute  values.  Therefore  no 
corrections  for  thermal  expansion  are  necessary.  See  also  D.L.McElroy  (Lit. 18). 


The  measurement  of  heat  flux  is  done  in  two  different  ways 


For  “radial  outflow",  refractory  metals  Are  used  as  electrical  heaters  and  their 
melting  points  limit  the  upper  temperature  of  application  of  this  method.  In  materials 
that  are  good  conductors,  difficulties  arise  at  high  temperatures  from  overcharging  the 
heater  in  maintaining  sufficient  temperature,  gradients  within  the  specimen. 

In  the  “radial  inflow"  method  the  external  electrical  heater  is  not  liable  to 
overcharging;  temperatures  up  to  3000°C  can  be  measured  while  maintaining  a  sufficient 
temperature  gradient  in  all  materials.  The  main  disadvantage  of  this  method  results 
from  difficulties  with  the  calorimeter  uid  its  exact  positioning  within  the  sample  hole. 
This  is  the  reason  for  the  diminished  reproducibility  and  accuracy  of  the  determinations. 
With  larger  temperature  gradients,  a  further  problem  may  arise  from  the  thermal  stress 
within  the  specimen,  which  is  of  particular  concern  with  brittle  materials. 

In  both  methods,  inflow  and  outflow,  heat  losses  from  axial  heat  flux  must  be  kept 
small  Therefore  the  specimen  is  normally  composed  of  a  pile  of  discs,  with  axial 
guards  at  the  ends  of  the  pile.  The  high  contact  resistance  at  the  disc  interfaces 
prevents  auial  flow,  which  Pears  (Vis.  42  Lit.  21)  estimates  to  be  only  0.08%  of  the 
radial  flow.  The  axial  flow  is  further  reduced  by  the  use  of  insulating  discs  in  the 
pile  ard  the  proper  choice  of  specimen  dimensions  (Feit.h,  Vis  33.  Lit.  11) 


Temperature  measurement  ts  achieved  with  thermocouples  or  optical  pyrometers,  and 
gives  rise  to  the  same  problems  as  those  mentioned  in  Section  2  1 


A  severe  problem  is  the  deviation  from  concentric  isotherms.  and  therefore  several 
temperature  holes  must  he  used  Disturbances  of  the  heat  flow  by  the  temperature 
holes  can  be  made  very  small  br  tb»  use  of  surfact  grooves  for  the  thermocouples 
extending  radial iy  from  each  hole  i Fulkerson,  Vis  4!  Lit  22)  A  very  accurate 
determination  of  the  radii  is  possible  when  the  sight  holes  are  drilled  radially 
inward  and  bv  measuring  the  temperatures  of  the  botLxa  of  the  holes  pyrometrl  rally 
<F  Patrassi,  Vis  3  Lit  !  ,V> '  The  corresponding  temperature  holes  are  usually  placed 
on  straight  lines  radiating  from  the  centre.  I,*uhlt/  .Vis  25)  suggests  that  they  V 
positioned  randomly  a  round  the  pen*  »•«=.  resulting  in  less  disturbance  of  the  heat  flow. 


ih-  --wJ  i  u*’  'jt  \  •» '  nrn  %  ur+nrn  t  * 

'h  effort  ir»  being  put  into  the  further  icpr^vrarnt  of  radial  trtbods  for  hl*h 
temperature  use  aainiv  in  thr  rm-ed  -St  a? Th j  •  «*  tvpiml  of  appi  leaf  i«m 

arc  fr»*  a i  v rr, 
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(i)  The  outflow  method  for  medium  temperatures 

int-  mo3t  accurate  application  of  the  outflow  method  for  medium  temperatures  seems 
to  have  been  realised  by  McElroy’ s  group  (ORNL,  Vis.  41.  Lit.  22).  Samples  ol  75  mm 
diameter,  with  a  central  hole  of  15  am  and  a  thickness  of  13  mm,  are  used.  The  internal 
heater  is  made  of  Pt/Rh  wire  wound  on  an  alumina  tube.  Temperature  measurements  are 
made  with  Pt/PtRh  and  fRe5/WRe26.  This  method  has  been  used  successfully  for  several 
materials  (Si,  Ni/Cr,  C,  Fe,  Al,  U02)  up  to  1000:C.  The  heat  input  car.  be  determined 
very  precisely  (i  e.  ±0.4%)  and  the  accuracy  o'  the  experiments  is  ±2%  at  1000°C. 

(ii)  The  outflow  method  for  very  high  temperatures 

The  GEC  group  in  Cincinnati  (Felth,  Vis. 33,  Lit. 11)  has  used  the  outflow  method  with 
a  tungsten  heater  for  measuring  thermal  conductivity  in  refractory  metals  and  oxides 
up  to  2300°C.  The  samples  have  a  diameter  of  50  mm.  If  molybdenum  is  used  as  a  heater 
material  a  better  heat.  Lrans'::*  to  the  sample  is  needed  because  of  its  lower  melting 
point.  For  the  highest  temperatures,  up  to  2500°C,  rhenium  heaters  are  proposed. 

The  temperature  gradient  can  be  measured  within  ±3%  in  a  distance  of  10  mm.  The 
precision  of  the  thermal  conductivity  measurements  is  given  as  ±6%. 

(ill)  The  inflow  method  for  the  highest  temperatures 

The  radial  inflow  method  ts  used  in  several  establishments,  based  on  the  concept  of 
McClelland's  apparatus  (Lit. 3).  As  a  typical  example  the  method  of  Pears  and  Pyron 
(SRI.  vis.42.  Lit.  21)  is  described.  They  use  a  graphite  tube  furnace  of  about  60  mm 
diameter  and  samples  about  25  mm  diameter  and  25  mm  long  with  a  central  hole  of  7  ram 
diameter.  The  celorimeUr  of  stainless  steel  is  provided  with  a  spirally  wound  thermo¬ 
couple.  producir*  turbulence  In  the  water  flow.  A  good  contact  between  specimen  and 
calorimeter  is  achieved  by  copper  or  graphite  powder.  An  accuracy  of  ±7  to  ±12%  is 
claimed  for  temperatures  from  600°C  to  2750°C.  Temperatures  are  determined  by  optical 
pyrometry.  This  apparatus  enables  measurements  on  pyrolytic  carbon  platen  to  be 
performed. 

(cl  Application  and  limits  of  radial  methods 

Radial  methods  c»n  be  used  to  ver*  high  temperatures.  Radial  inflow  apparatuses 
are  operated  to  2800°C,  while  radiai  outflow  apparatuses  will  work  up  to  2500°C  (Lit. 11). 
The  uppsr  temperature  limit  of  the  our  flow  mpthod  is  determined  by  the  maximum  load 
that  the  central  heater  can  carry.  Higher  temperatures  can  be  reached  with  ncnaal 
wires  as  heaters,  using  the  apparatus  of  Moeller,  who  improved  the  emittwics  of  his 
heater,  a  tungsten  tube,  by  grooving  it  (Vis  30,  Lit  23). 

Inflow  methods  are  limited  by  the  hen:  transfer  to  the  calorimeter  and  to  the 
water  flow  respectively 

Some  special  ideas  found  in  various  laboratories  for  improving  reproducibility 
are  now  listed  Among  these  are  coating  the  tube  with  sand  fLi*  3).  a  water  tu rhu later 
by  Hansen  and  Rcisen  (UCC.  Vis.  44 »  and  rolling  the  thermocouple  wires  ;n  the  tube  into 
a  spiral  i  Pears.  Vis  42) .  But  so  far  the  best  way  of  getting  good  values  is  by 
training  the  laboratory  assistant 

Radial  methods  c.e  not  only  used  for  the  Highest  temperatures  For  ’tedium 
tueperatures,  that  is  up  to  I000°r,  the  out  flow  method  is  nearly  as  accurate  as  the 
longitudinal  methods  The  ORM  -group  is  now  developing  a  further  apparatus  for 
vacuum  up  to  2200’V  with  tantalum  heaters. 
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The  temperature  of  application  of  the  inflow  method  with  carbon  heaters  can  be 
increased  by  using  pressure  vessels  up  to  33  atm.  as  shown  by  UCC  (Vis. 44). 

The  accuracy  is  better  with  large  samples  but  in  this  case  many  hours  are  neoded 
to  obtain  steady- state  conditions. 

All  radial  methods  retire  isotropic  materials  in  the  radial  plane. 

Table  VII,  on  p.91,  gives  a  survey  of  the  institutions  where  radial  methods  were 
seen. 

(d)  Summary  of  radial  methods 

Summarising  all  the  infoniation,  it  can  be  stated  that  this  method  is  used  up  to 
very  high  temperatures.  To  get  precise  values  large  samples  should  be  used,  which 
need  a  long  time  to  reach  steady- state  conditions  (at  least  a  few  hours).  Concerning 
accuracy,  the  outflow  type  seems  to  be  more  precise  achieving,  in  the  medium  tempera¬ 
ture  range  at  about  1000°C,  almost  the  accuracy  of  longitudinal  methods.  For  the 
highest  temperatures  (above  2300°),  the  inflow  technique  is  preferred  because  of  the 
danger  of  overheating  of  the  internal  heater  in  the  outflow  technique;  however,  the 
accuracy  achieved  is  lower. 

2.2 .1.3  Forbes  Bar  Methods 

The  nomenclature  follows  M.  J.  Laubitz*  s  proposal  (Lit.  15)  in  the  chapter  on  linear 
and  quasi -linear  heat  flow  methods.  According  to  Laubitz,  in  Forbes  bar  methods 
there  is  a  transverse  heat  flow  in  the  specimen  in  addition  to  the  longitudinal  flow. 
This  radial  heat  flow  is  taken  into  account  in  the  analysis  of  the  heat  flow  problem. 
A  variety  of  methods  is  described  in  the  literature,  but  only  a  few  modern  ones  are 
discussed  here.  These  may  be  classified  as  follows: 

(a)  Methods  which  employ  essentially  guarded  linear  heat  flow  with  a  slightly 
mismatched  guard. 

(b)  Methods  based  on  ‘‘thm-rod"  analysis. 

(c)  Methods  which  depend  on  a  full  two-dimensional  analysis. 


(a) 

The  method  of  Watson  and  Robinson  (Vis.40,  Lit.  24)  is  mentioned  as  an  example.  It 
uses  a  guarded  linear  heat  How  apparatus.  The  radial  heat  transfer  coefficient  is 
calculated  from  the  distributions  of  the  temperature  in  the  specimen  at  two  different 
temperatures  of  the  guard  both  similar  to  the  temperature  of  the  specimen  Die 
correction  'or  the  radial  heat  flow  is  always  less  than  5%  of  the  longitudinal  one 
Heat  losses  to  the  cold  ends  and  to  the  surroundings  art  not  compensated  by  this 
correction  Peavy’  s  paper  iLit  160)  gives  an  improved  calculation  procedure  which 
does  correct  for  all  heat  exchanges  between  the  specimen  and  the  surrounding  insulation. 
This  method  is  only  described  for  the  temperature  range  from  -160  to  600°(\  without 
comment  on  the  accuracy  obtainable 

ib) 

The  mettiod  of  V  J  Laubitz  tVis  .’.Vi  i  s  typical  fir  this  group  Die  specimen  of  2  cm 
diameter  umi  20  cm  length,  w.th  the  heater  in  its  centre  is  connected  witti  two 
additional  heaters  at  the  rids,  only  to  maintain  the  high  temperature  for  the  measure 
oents.  and  is  placed  within  a  nearl v  isothermal  furnace  ns  a  guard. 


16 


For  the  analysis  of  the  heat  flux  equation  two  experiments  are  necessary.  The  first 
gives  the  temperature  distribution  caused  by  the  central  heater.  In  the  second  experi¬ 
ment,  performed  under  similar  conditions,  the  central  heater  is  switched  off  and  the 
temperature  distribution  due  to  a  deliberate  temperature  mismatch  between  the  furnace 
and  the  specimen  ia  measured  as  a  function  of  time,  to  determine  the  radial  heat  losses 
from  the  specimen. 

This  method  works  up  to  1000°C.  An  accuracy  of  about  ±1,5%  is  claimed.  It  was 
used  for  basic  research  on  the  validity  of  the  present  theories  on  thermal  conduction 
in  monovalent  metals  (M.  J.  Laubitz,  Vis.  25,  Lit.  25). 

(c) 

Based  on  a  full  two-dimensional  analysis,  Laubitz  has  described  two  methods,  the 
“unmatched  guard  method”  (Lit. 26)  and  the  "guardless  method”  (Lit. 27). 

In  both  of  these  methods  central  heaters  in  long  cylindrical  specimens  are  used  and 
the  temperature  distribution  is  measured  along  the  specimen  under  different  steady- 
state  conditions.  In  one  of  these  methods  the  temperature  profile  within  an  axial  hole 
of  the  specimen  is  determined  by  a  movable  thermocouple.  Laubitz  has  simplified  the 
experimental  arrangement  more  and  more,  bearing  in  mind  that  the  mathematical  analysis 
becomes  increasingly  involved.  In  his  two  versions,  the  main  advance  is  the  rapid 
achievement  of  steady-state  conditions.  They  were  used  up  to  1100°C  and  an  accuracy 
of  ±1.9%  and  ±2.3%  respectively  is  claimed. 

Although  the  second  method  is  used  later  for  rapid  measurements,  the  principle  of 
the  "thin  rod”  (see  (b))  seems  to  be  more  promising  for  application  at  higher 
temperatures. 

Sumna  ry 

The  Forbes  bar  methods  use  quite  a  simple  experimental  arrangement,  but  they  require 
a  complicated  mathematical  analysis  for  tlu  evaluation  of  the  thermal  conductivity  from 
measured  quantities. 

They  include  methods  with  a  full  two-dimensional  analysis,  and  those  that  are  very 
similar  to  the  guarded  longitudinal  arrangement.  Up  to  1000°C,  the  same  accuracy  as 
with  the  longitudinal  method  is  claimed  for  the  best  methods.  Extension  to  higher 
temperatures  should  be  possible 

2.  2.1.4  Direct-Heating  Methods 

In  this  section  only  steady-state  methods  with  direct  heating  bv  current  of  the 
electrically-conducting  .pecioens  are  reported  For  their  analysis  It  seems  adequate 
to  discuss  them  briefly  in  three  groups 

(at  Heated  filament  methods 

(b!  ‘Kecked -down”  methods 

(cl  Methods  In  which  the  temperature  profile  of  radiating  surface  areas  is  measured. 

Flynn  (Vis  40.  Lit  1611  dlsc  sses.  in  his  chapter  o'  Tye‘ s  book  on  thermal  con¬ 
ductivity,  only  those  methods  with  a  teapersture  drop  in  the  direction  of  the  current 
flow.  thaf  ra««ans  only  methods  in  groups  (a)  and  ib'  He  divides  the  electrical  heating 
methods  into  thiee  categories  depending  on  how  the  t  osperaturp  rise  in  the  conductor 
was  measured 


17 


(i)  Kohlraiisch’ s  Method. 

The  temperature  distribution  along  the  conductor  was  measured  by  means  of 
directly  attached  thermocouples  or  other  thermometers. 

(11)  Worthing’s  Method. 

The  temperature  distribution  along  the  conductor  was  measured  by  means  of  an 
optical  pyrometer. 

(iii)  Callender*  s  Method. 

The  temperature  rise  in  the  conductor  wtu  computed  from  the  change  in 
electrical  resistance  of  the  electric  current. 

For  a  detailed  discussion  of  tne  thermal  and  electrical  potential  distribution  in 
the  specimens  aiyi  for  the  mathematical  development,  see  Flynn’ s  chapter  (Lit.  161) 
in  Tye’ s  book. 

(a)  Heated- filament  methods 

These  methods  are  characterised  by  the  fact  that  the  specimen  has  the  shape  of  a 
long  cylindrical  rod  or  a  filament,  and  are  based  on  the  well-known  Kohlrausch  analysis, 
assuming  that  all  heat  generated  within  the  specimen  is  transported  to  its  ends,  both 
having  the  same  temperature. 

Kohlrausch’ s  solution  is  restricted  to  the  case  where  the  temperatures  of  the 
specimen  are  not  very  different  from  that  of  the  surroundings.  Kohlrausch’  s  method 
is  usually  used  without  a  guard  at  room  temperature  or  only  slightly  above.  Ihis 
method  has  been  modified  by  Russian  scientists  (Mikrynkow,  Lit.  28;  Lozinskii,  Lit.  29) 
for  'St  at  higher  temperatures  up  to  700°C  and  1500°C,  respectively,  using  a  furnace. 
This  method  produces  the  same  difficulties  as  the  use  of  a  guard  in  the  longitudinal 
methods.  Within  the  NATO  nations,  this  modification  has  been  used  up  to  2000°C  at 
the  Central  Laboratory  of  Sud-Aviation  (Vis.  5)  for  the  determination  of  the  thermal 
conductivity  of  graphite,  refractory  metals  and  light  metals. 

The  Method  of  Jain  and  Krishnan  (Lit.  30)  has  been  developed  for  high  temperatures 
without  using  a  guard.  As  in  Kohlrausch’ s  method,  the  temperature  distribution  along 
a  long  rod,  whose  ends  are  at  ambient  temperature,  is  measured.  The  radial  heat  loss 
by  radiation  is  taken  into  account  by  comparing  the  temperature  in  the  middle  of  a 
short  rod  with  that  of  a  very  long  rod  of  the  same  material.  Both  are  heated  by  the 
same  current.  If  the  emittance  of  the  sample  material  is  known,  its  thermal 
conductivity  can  be  calculated. 

The  method  can  be  used  up  to  the  melting  temperature  of  the  specimen.  Unfortunately, 
up  to  now  the  results  do  not  agree  well  with  those  obtained  by  other  methods  It  is 
necessary  to  consider  whether  the  boundary  conditions  are  fulfilled  (T  t  of  an 
infinitely  long  rodl  and  how  the  result  is  affected  by  uncertainties  in  the  deter¬ 
mination  of  the  emittance 

In  a  Russian  paper  dealing  with  an  analogous  design,  iebedev  (Lit  31  >  uses  a  short 
and  a  long  filament  of  the  same  material  and  measures  the  current  necessary  to  reach 
the  same  central  f  eonerature  in  both  wires  The  emittance  does  not  enter  into  the 
calculation  if  it  is  the  same  for  both  filaments 

A  promising  method  has  been  developed  by  Bode  (Vis  10,  Lit  32'  In  contrast  to  the 
other  methods  mentioned,  the  ends  of  h;.-  specimens  are  heated  hr  additional  heaters 
to  match  them  to  the  central  temperature  of  the  filament  The  thermal  conductivity 
is  determined  from  the  dependence  of  the  electrical  resistivity  of  the  wire  on 
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temperature  and  current.  In  Bode’ s  method  the  thermal  conductivity  at  a  distinct 
temperature,  and  not  within  a  tempe.ature  interval,  can  be  determined.  The  experi¬ 
mental  arrangement  ensures  that  the  re-radiation  to  the  specimen  is  kept  small.  The 
emittance  can  be  determined,  in  addition.  This  method  also  offers  the  possibility  of 
measuring  the  emittance  if  there  is  no  back  radiation  to  the  specimen.  The  error 
caused  by  the  Thomson  effect  and  by  radial  heat  flu>  can  be  neglected.  The  method  is 
used  up  to  1100°C  with  a  total  error  of  a  few  per  cent. 

This  method  is  being  further  de-’“loped  for  use  in  the  temperature  range  800°C  to 
2000°C.  An  essential  improvement  is  achieved  by  maintaining  a  constant  stress  in  the 
specimen  wire.  The  new  apparatus  is  constructed  in  such  a  way  that  it  is  also 
applicable  to  other  direct-heating  methods  (Kohlrausch;  Jain  and  Krishnan;  Holm  and 
Stormer). 

In  all  these  filament  methods  an  error  may  be  caused  by  a  volume  Peltier  effect 
which  is  observed  when  a  direct  current  flows  through  regions  of  inhomogeneous  com¬ 
position  (Birkhclz,  Vis.  12A).  The  use  of  alternating  current  is  therefore  recommended. 

The  method  of  Powell  and  Schofield  (Lit.  33)  uses  the  radial  temperature  distribution 
in  an  electrically  heated  wire  or  rod  for  the  calculation  of  the  thermal  conductivity. 
In  this  case  the  eleccrical  energy  dissipation  within  a  given  radius  r  is  set  equal 
to  the  heat  flowing  radially  out  of  the  cylindrical  surface  of  radius  r  The 
precision  indicated  is  about  5  to  10%.  This  principle  was  also  used  by  Angell,  Rasor, 
McClelland  and  Scott  (Lit. 18). 

Although  Powell  and  Schofield  reported  the  best  values  of  the  thermal  conductivity 
of  graphite  up  to  2700°C.  determined  with  this  method  twenty  years  ago,  I  could  not 
find  anybody  who  was  using  this  method  today.  The  influence  of  the  emittance  on  the 
accuracy  of  temperature  measurement  seems  to  be  the  main  problem. 

According  to  Rasor  and  McClelland  (Lit. 3)  the  error  caused  by  the  emittance  can  be 
neglected  above  3000°C  when  using  graphite  specimens 

(b)  '’becked -down"  methods 

The  principle  of  the  “necked- down"  methods  is  the  use  of  .short  specimens  with  a 
narrow  constriction  in  the  mid-section  In  this  way.  heat  losses  by  radiation  and 
convection  become  negligible  compared  to  the  heat  flow  to  the  cold  ends.  According 
to  Hopkins  this  Is  not  true  with  hydrogen  as  the  surrounding  gas  (Lit  34). 

Assuming  the  electrical  and  thermal  potential  fields  to  be  equivalent,  the  Lorenz 
factor  can  be  calculated  directly  With  the  knowledge  of  the  I’ertrical  resistivity, 
the  theimal  conductivity  can  also  he  obtained 

This  method  was  first  used  by  Holm  and  Stormer  hi  1030  il.  t  3:'-l  Nowadays  there 
are  two  developments  in  this  field,  using  somewhat  different  techniques 

Hopkins  (Vis  24.  Lit  34!  uses  the  voltage  drop  across  the  neck  and  the  maximum 
temperature  of  the  bridge  (T  s  measured  pvrooet  ricallv  to  determine  the  !*>ren/ 

B  ft  I 

number  Tills  method  run  he  used  up  to  t eoperat ui es  above  the  melting  point  because 
surface  tension  wil1  keep  the  mat '.-rial  of  the  neck  m  «•  even  if  It  is  molten 

Klynn  (Vis  1'  lit  4'  determines  the  neck  temperature  bv  using  the  neck  of  the 
specimen  as  a  resistance  thepsomet  er  He  used  this  mi  •  hr.,!  up  to  i*0()"(’  and  claimed 
the  fol  lowing  accuracy  *1  [K  at  too'r  and  ’2  i  V”  at  'n'H  Compared  with  the  results 
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of  the  longitudinal  apparatus  (see  Section  2.  2.1.1),  the  values  obtained  by  the  “necred- 
down”  metnod  within  the  same  specimen  show  an  error  of  ±0.4%. 

(C)  Methods  tn  which  the  temperature  profile  of  radiating 
surface  areas  is  measured 

The  rectangular  bar  method,  proposed  by  Longmire,  is  critically  reviewed  and  used  in 
the  Parma  Research  Laboratories  of  the  Union  Carbide  Corporation  (Vis.  44,  Lit.  36). 

The  thermal  conductivity  is  determined  from  measurements  of  the  temperature  profile 
across  the  surface  of  the  directly-heated  specimen  in  the  shape  of  a  rectangular  bar. 
Tills  method  is  especially  apt  for  the  determination  of  the  thermal  conductivity  of 
graphite  because  the  important  anisotropy  ratio  can  be  obtained  additionally  by 
recording  the  temperatures  of  both  the  square  cross-sections.  Ttie  measured  power  input 
allows  determination  of  the  total  hemispherical  omittance.  In  the  mathematical  treat¬ 
ment  of  the  method  the  longitudinal  heat  flux  to  the  electrodes  in  the  measuring 
section  is  neglected.  The  method  is  used  up  to  2800°C.  The  precision,  as  indicated 
by  the  data  spread,  is  ±5  to  ±10% 

For  the  "Hoch”  method  (Vis. 30,  Lit. 37)  the  equation  of  heat  conduction  has  to  be 
solved  for  a  finite  cylinder,  heated  in  a  vacuum  by  induction  from  the  outer  side-wall 
surface  The  heat  will  flow  into  the  interior  by  conduction  and  dissipate  by  radiation 
from  the  planar  faces  of  the  specimen.  In  steady-state  conditions,  the  temperature 
profile  in  the  planar  surfaces  is  measured.  For  calculation  of  the  thermal  conductivity 
it  is  necessary  to  know  the  emittance.  The  ratio  of  specimen  specific  heat  to 
emissivity  can  be  determined  from  the  rate  of  cooling  after  switching  off  the  power 
input.  From  this  measured  ratio  and  values  for  the  specific  heat  from  the  literature 
the  eirttance  is  calculated.  Most  data  are  accurate  within  ±10  to  ±20%.  but  the  'verall 
accuracy  is  claimed  to  be  ±6%.  The  method  car.  be  used  up  to  the  highest  temperatures 
(the  temperature  of  destruction  of  the  specimen). 

Concluding  remarks  on  the  direct-heating  steady -state  methods 

Considering  that  these  direct  beating  methods  can  be  used  only  for  electrically 
conducting  materials,  there  are  so  many  advantages,  especially  in  the  high  temperature 
range,  that  it  is  surprising  that  they  have  not  yet  found  greater  application 

The  advantages  are  the  heat  generated  in  the  specimen  is  well  known,  there  are  no 
difficulties  .»ith  thenial  contact  between  heat  source  and  specimen,  no  chemical  re¬ 
action  with  the  environment ,  only  a  few  specimen  materials  are  needed  steady-state 
conditions  are  reachec  rapidly,  limited  only  by  the  melting  point  of  the  material,  and 
there  is  the  possibility  of  measuring  additional  properties  using  the  same  experimental 
set  -  up 


For  a  detailed  discussion  on  the  pros  and  cons  of  electrical  heating  methods  see. 
for  example.  Flvnu’s  chapter  in  Tye’ s  hook  (Lit  1611  Brief;,.  Flvnn  states  that, 
with  the  possibl  •  exception  of  very  low  temperatures,  wheie  electrical  heating  methods 
have  not  been  used  a  properly  designed  electrical  heating  method  car  yield  thermal 
conductivity  values  of  an  accuracy  equal  *o  or  better  than  "'ose  obtainable  by  anv 
othei  methods  of  measurement  In  many  cases  electrical  heating  methods  would  tie  cheap 
and  quick  Me  .Iso  points  out  that  up  t->  1000"C.  direct  heating  methods  s>av  be 
preferred  while  f  r  higher  temperatures  especially.  Bole’s  arrangement  seems  to  be 
p n >oi  s  1  n g 
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If  the  materials  can  be  made  in  the  form  of  homogeneous  rods  or  wires,  an  experi¬ 
mental  study  to  compare  all  these  electrical  heating  methods  should  be  undertaken,  in 
order  to  clear  up  the  validity  of  the  assumptions  for  the  mathematical  solutions  and 
the  effectiveness  of  the  experimental  arrangements. 

A  similar  opinion  was  found  at  the  Thermophysical  Properties  Research  Cent°r  at 
Lafayette,  USA  (Vis. 43).  TMs  centre  has  worked  out  a  programme  for  the  US  Air  Force 
•xith  the  aim  of  comparing  the  most  important  of  the  direct-heating  methods.  Also, 
at  SERAI  (Vis. 1)  in  Belgium,  a  similar  test  programme  has  been  developed  and  the  various 
possibilities  have  been  studied.  Finally,  at  the  PTB  (Vis.  10)  at  Braunschweig,  Germany, 
further  improvement  of  special  direct-heating  concepts  is  proposed. 

All  these  activities  should  be  sponsored  and  coordinated. 

2.?.  2  Comparative  Methods 

In  a  comparative  heat  flow  apparatus  a  specimen  of  unknown  conductivity  is  connected 
in  series  with  a  specimen  of  known  conductivity  and  the  temperature  dl'"jrence  is 
measured  under  steady-state  conditions  in  both  specimens  Thus  ”  heat  flux  can  be 
calculated  without  directly  measuring  It  Th.'  is  the  essential  wu.untage  of  the 
comparative  methods.  The  accuracy  of  these  methods  sends  o’,  the  evn  .ability  of 
suitable  standards,  which  limits  their  application.  The  problem  of  finding  standards 
for  all  ranges  of  conductivity  and  of  temperature  is  discussed  in  Section  6.  So  far 
no  suitable  standards  for  the  higher  temperature  range  are  available  The  long  dis¬ 
cussion  that  has  taken  place  over  the  years  on  the  thermal  conductivity  of  Armco  iron 
and  platinum  is  an  example.  Comparative  methods  may  become  more  Important  in  the 
future  for  high  temperature  measurements  if  .he  necessary  standards  become  available. 

The  methods  are  now  discussed  briefly. 

(a)  The  comjiarative  method  of  SSECMA,  with  longitudinal  apparatus , 
applicable  up  to  2000°C  lir.s.  4,  Lit.  38) 

In  this  meth  J  a  pile  of  specimens  and  standards  is  used  in  a  longitudinal  arrange¬ 
ment  connected  to  a  graphite  heater  on  th  top.  This  pile  Is  surrounded  by  a  tube  made 
of  the  same  material  as  the  pile  and  connected  to  the  same  graphite  heater  on  fhe  top 
of  the  stack  The  whole  arrangement  is  insulated  by  an  A 1 , 0 ^  Pt  guard  With  this 
arrangement  transverse  heat  losses  are  largely  ell»*nated  All  temperatures  are 
measured  by  thermocouples  using  Chrooel  vs  Alumel,  to  vs  Pt  Rh  and  W  vs  W  Re  with 
BN  insulation 

Results  of  the  thermal  conductivity  of  t'O  ,  UC,  BeO.  C  and  W  ire  available  up  to 
2000°C  An  accuracy  of  *  st  is  claimed  using  the  thermal  conductivity  values  of 
Armco  Iron  given  b>  the  American  specialists  (see  Section  A) 

The  difficulties  of  thermal  contact  within  the  pile  are  overcome  by  "scooping" 
the  interfaces  of  the  specimen 

M  the  [fat  telle  \r  l  ‘  giiae<img  nrOuui  V  1 

The  Battel  le  method  can  he  used  up  to  2400‘T  with  an  accuracy  of  •  Contrary  ti¬ 

the  dNECMA  method  with  a  pile  of  specimens  Mie  Rattelle  method  uses  specimens  in 
the  shape  of  discs  with  a  l-uigit  udtnal  heat  flow  and  Ta  heaters  The  reference  -uimple 
Is  larger  in  diameter  than  the  specimen  Thcs  and  because  of  the  saai 1  height  of  the 
sample  to  he  measured  the  radial  heat  losses  xre  minimised  without  using  anv  guard 
Only  a  thermal  insulation  of  BeO  powder  is  used 
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(c)  The  DEW  longitudinal  device  (Vis. 6,  Lit. 39) 

This  method  represents  a  classical  longitudinal  arrangement  with  a  heated  guard. 

It  will  work  up  to  700°C.  Specimens  in  the  shape  of  rods  are  used  and  the  heat  flux 
is  determined  across  a  nickel  standard,  placed  between  the  specimen  and  the  heat  sink. 
The  repeatability  is  ±5%. 

(d)  The  British  Ceramic  Research  Association  method  (Mis.  13) 

fills  ~ethod,  using  a  longitudinal  arrangement  and  a  pile  of  specimens  and  standards 
in  the  shape  of  discs  with  a  non-heated  guard,  is  mentioned  because  of  its  peculiarity, 
that  copper  discs  are  placed  between  the  specimen  and  the  adjacent  standard.  The 
thermocouples  are  soldered  to  the  copper  discs  and  their  temperature  is  measured. 

This  procedure  is  very  convenient  when  dealing  with  brittle  or  very  hard  materials, 
where  thermocouples  are  difficult  to  attach.  The  sequence  within  the  stack  is  beater, 
copper,  standard,  copper,  specimen,  copper,  standard,  copper,  sink. 

2.2.3  Survey  of  Methods  for  the  Measurement  of 
Thermal  Conductivity 

Summarising  the  steady-state  methods  for  the  determination  of  thermal  conductivity 
it  is  useful  to  review  the  suitable  temperature  range  of  application. 

The  lov-temperature  range  (up  to  900°K) 

Longitudinal  methods  are  best  for  the  lowest  temperatures.  The  greatest  accuracy 
is  better  than  ±1%. 

The  medium-  temperature  range  (WO  -  ldOO^K) 

Several  methods  can  be  used,  with  nearly  the  same  accuracy,  fiiese  are  as  follows: 

(a)  Longitudinal  methods,  accuracy  tl,  l<t,  the  temperature  of  1300°K  being  the 
upper  limit  of  application 

(b'  The  radial  method,  accuracy  better  than  i2T,  becoming  more  and  more  superior 
at  higher  temperatures  to  longitudinal  methods 

(c)  The  Forbes  bar  methods,  accuracy  tl  5T.  with  the  simplest  experimental 

arrangement  but  the  most  complicated  method  of  calculation  Forbes  bar  methods 
should  also  be  applicable  at  higher  temperatures 

f d >  Di reet -heat ing  methods,  with  heated  filament  or  'necked- down"  arrangement, 
with  accuracies  of  about  9  or  Ibf- 

Ihe  high  -  t  rnfe  rj  tare  range  <  ,ih,n  f  1  <■ ft  ! 

For  this  temperature  range  only  radial  methods  and  di  reef -heat  ing  methods  are  appli¬ 
cable.  While  much  research  is  being  done  in  developing  radial  methods  for  ’he  highest 
temperatures  i  up  to  31t»0”Ki .  tin  development  of  direct  heating  methods  seems  to  have 
been  negleeted  up  to  now 

Tiie  accuracy  m  the  determination  -f  ’hernia!  conduct  lvity  at  the  highest  tempera 
tures  is  less  than  ’7t  perhaps  -  lilt 

For  ail  these  timpe  future  ranges  >  omparat  1  ve  methods  c-mld  used  i;  suit  able 
standards  were  available  Therefore  the  pr>-graa»e  .m  high  temperature  standards  is 
of  the  greatest  importance  Furthermore  the  work  on  standards  is  important  to 
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permit  comparisons  of  the  results  obtained  using  an  absolute  method  with  the  work  of 
other  investigators. 


2.3  Measurement  of  Thermal  Diffusivity 

The  thermal  diffusivity  “a"  is  defined  by  the  heat  flow  equation  as  follows: 


dT 

/  ?2t 

4  m 

3t 

“U*1  +  V 

(3) 


where  T  is  the  temperature,  t  the  time  and  x,  y  ,  z  are  Cartesian  coordinates. 

The  propagation  of  heat  is  described  by  the  change  of  the  temperature  in  the  material 
as  a  function  of  time  The  dimension  of  the  diffusivity  is  (length)2  (time)'1. 

The  diffusivity  is  correlated  to  the  thermal  conductivity  by 

^  =  aycp  ,  (4) 

where  y  is  the  density  and  cp  the  specific  heat  of  the  material.  If  the  density 
and  the  specific  heat  are  known,  the  thermal  conductivity  can  be  obtained  by  measuring 
the  diffusivity. 

This  simple  equation  (4)  does  not  consider  the  effect  of  relaxation  time.  Therefore 
further  oscillations  of  temperature  can  be  caused  by  an  impulse  of  heat.  The  well- 
known  phenomenon  of  seconc  nound  in  superfluid  helium  is  an  example  of  the  effect  of 
long  relaxation  times. 

Finally,  mass  transport  can  be  caused  by  temperature  gradient  (Soret  effect),  which 
c°ases  after  reaching  a  certain  concentration  gradient.  As  a  result  the  initial  and 
the  iinal  thermal  conductivity  in  the  material  can  differ  significantly. 

As  shown  bv  the  restrictions  mentioned,  the  relation  between  conductivity  ana 
diffusivity  cat)  he  more  complicated  than  that  given  by  Equation  (4)  As  a  consequence, 
conclusions  drawn  from  steady-state  measurements  as  to  the  behaviour  in  time-dependent 
processes,  or  from  transient  measurements  to  the  steady-state  behaviour,  should  be 
controlled  by  experiment,  with  the  same  material 

Generally,  the  measurement  of  thermal  diffusivity  in  solids  is  more  than  an  indirect 
way  of  determining  'he  thermal  conductivity  It  Is  an  additional  means  of  studying 
transport  phenomena,  apart  from  its  importance  in  technical  applications 

Despite  these  restrictions,  transient  methods  are  widely  used  for  the  determination 
of  the  thermal  conductivity  because  the  specific  heat  and  the  density  of  solid  materials 
can  he  measured  more  easily  than  thermal  conductivity,  even  at  high  temperatures  The 
transient  methods  will  be  distinguished  in  this  report  as  "non-steady  state"  and  as 
"periodic"  ones  In  transient  techniques  the  response  of  u  change  in  temperature  in 
a  sample  exp  -sed  to  a  given  transient  heat  flux  or  heat  pulse  is  measured  Frr  the 
evaluation  ■  >(  experiment  li  results  >n  diffusivity  if  is  not  necessary  to  know  'he 
absolute  level  of  the  temperature  and  the  quantity  of  the  heat  flux 

Smuil  specimens  msv  f.e  used  The  time  required  for  measurement  is  very  short 
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2.3.1  Non-Steady -State  Methods 

2 .3.1.1  Flash  methods 

Generally  non-steady-state  methods  are  known  as  flash  methods.  Hie  specimen,  a  thin 
plate  (diameter  ^  io  mm,  thickness  =  0.5  -  5  mm),  is  heated  indirectly  and  homogeneously 
in  a  tubular  furnace.  A  short  pulse  of  light  is  sent  to  the  front  of  the  specimen, 
which  becomes  additionally  heated  by  absorbing  this  flash.  The  temperature  increase 
at  the  rear  face  of  the  specimen  is  recorded  by  either  thermocouples,  cells  of  semi¬ 
conductors  or  by  multipliers.  The  recorded  temperature  change  with  time  allows  the 
evaluation  of  the  thermal  diffusivity. 

Simple  Xenon  flash  lamps  are  used  as  light  sources  for  measurement  up  to  1600°C. 

For  higher  temperatures,  laser  sources  with  an  output  energy  of  about  20  joules  must 
be  used. 


Mathematical  solutions  for  the  flash  method  have  been  given  by  Parker  et  al.  (Lit. 41), 
Taylor  and  Cape  (Lit. 42,  43)  and  Cowan  (Lit. 44).  According  to  Parker  and  his  co-workers, 
the  thermal  diffusivity  can  be  calculated  either  from  the  time  needed  to  reach  half 
the  maximum  temperature  at  the  rear  face,  t  . 2  ,  or  from  the  characteristic  rise  time, 
tc  (that  is,  the  slope  of  the  temperature  with  time),  by  the  following  equation 


1.33  d‘ 


0.48  d! 


where  d  is  the  thickness  of  the  specimen. 

This  solution  is  vaiid  if  the  following  conditions  are  fulfilled: 

(1)  Heat  flow  is  only  ir  one  direction  (no  radial  heat  flow). 

(ii)  Constant  the  mal  properties  within  the  material  tested 

(iii)  Homogeneous  absorption  of  the  heating  pulse  in  an  infinitely  thin  layer  at 
the  front  of  the  specimen 

(iv)  Infinitely  short  heating  pulse 

(v)  So  heat  losses  by  radiation 

In  most  cases  these  conditions  cannot  be  realised  completely  especially  at  high 
temperatures 

To  satisfy  the  first  condition  the  temperature  is  generally  measured  in  the  centre 
of  the  rear  face  of  the  specimen  where  one-diaenslonal  heat  flux  predominates 

The  second  condition  holds  in  most  cases,  since  the  temperature  rise  caused  by  the 
pulse  (only  a  few  degrees'  is  onlv  a  negligible  fraction  of  the  temperature  of  the 
specimen 

As  to  the  third  condition,  a  coating  at  the  front,  of  the  specimen  sav  be  useful 
If  the  material  does  not  absorb  the  light  in  n  thin  layer 

Concerning  the  fourth  condition,  trie  error  can  he  neglect, si  if  the  pulse  time  is 
small  ciwpar  •(!  wth  the  characteristic  thermal  diffusion  tine  !  This  cm  »<e 
accomplished  V  increasing  the  thickness  d  of  the  specimen 


Cape  ar.d  Lehman  (Lit. 42)  have  shewn,  that  Equation  (5)  is  valid  within  15%,  without 
corrections  for  heat  losses,  if  the  condition 

\  ,  ^ 

—  >  1  cal/ca  sec°K  , 
e  d 

is  fulfilled,  where  ■  is  the  omittance. 

This  means  that,  if  materials  with  low  thermal  conductivity  are  tested,  the  thick¬ 
ness  d  should  be  kept  as  small  as  possible.  For  good  conducting  materials,  the  sane 
becomes  necessary  at  high  temperatures,  because  their  thermal  conductivity  decreases. 
Therefore  most  research  organisations  use  very  thin  specimens  for  the  flash  methods. 
The  thin  specimens,  however,  are  more  sensitive  to  the  effect  of  finite  flash  time 
(condition  (iv)).  Bollenrath  (Vis. 11)  suggests  solving  this  problem  experimentally 
by  using  pulses  of  different  duration  and  extrapolating  to  infinitely  short  time. 

As  to  the  fifth  condition,  several  methods  have  been  proposed  to  account  for 
radiation  losses  from  both  surfaces  of  the  specimen,  leading  to  the  derivation  of  a 
radiation  loss  factor. 


According  to  Cape  (Lit. 42)  the  radiation  factors  are  applied  as  perturbations  to 
Equation  (3).  neglecting  re-radiation  from  the  surroundings. 


Cowan  (Lit. 44)  calculates  the  heat  losses  from  both  surfaces.  The  solution  for  the 
time-dependence  of  the  temperature  is  given  graphically.  The  following  parameters 
R  and  A  are  introduced  as  corrections 


R 


(6) 


where  TR  is  the  rear  face  temperature  and  Tp  the  front  fac*  teeperstur e. 


fj\  L 


d  (1  +  R) 

®  000 
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The  factor  A  can  be  determined  experimentally  from  the  coolin*  portion  of  the 
temperatur  history  curve  at  the  rear  surface  Accord inj  to  Cur.nlngton  (Vis  36, 

Lit  45.  157i  who  uses  the  xethod  described  by  Cowan,  the  effect  of  R  is  relatively 
smal  1  ( less  than  t-1%1 


With  graphite  or  tungsten  resi stor - furnaces,  a  laser  equipment  as  source  for  the 
flash  and  a  multiplier  as  ..elector,  this  method  '.'an  be  uned  up  to  2800°C  fiowever. 
the  exact  correction  of  the  experimental  results  for  heat  ! oases  by  radiation  at 
these  high  temperatures  has  not  vet  been  determined 

Table  VIII  on  p .  9  3 ,  lists  institutions  within  the  *iAlt)  nations  using  the  flash 
■ethod  The  precisions  given  are  not  always  well  define,  yul  are  therefore  not 
comparable  di'ect.y  A  critical  analysis  of  the  different  method*  based  on 
comparative  measurement  s  would  be  •  task  for  a  team  of  spe<  1  al  i  sf 


25 


2.3. 1.2  Other  non-steady-state  methods 

For  many  years  a  variety  of  methods  has  existed  for  using  temperature  distributions 
in  a  heating  or  cooling  process  to  calculate  the  dlffuslvlty.  Becauue  of  the  develop¬ 
ment  of  the  more  elegant  methods  using  small  specimens,  like  flash  methods  and  the 
periodic  ones,  these  simple  transient  non-periodic  methods  are  only  rarely  used. 

Two  examples  may  be  given: 

(a)  The  transient  radial  inflow  method  of  Cape,  Lehman  and  Nakata  (Vi  28)  uses 
cylindrical  specimens  heated  by  induction  in  tne  outer  sidewall  surface.  The 
temperature  rise  in  the  inner  and  outer  part  is  recorded.  The  method  is  used 
up  to  2500°C  and  an  accuracy  of  ±5$  Is  claimed 

(b)  The  same  principle  has  been  used  hr  Huttinger  (Vis.  12B,  Lit. 46)  in  studying 
the  baking  of  carbon  bodies  between  room  temperature  and  IOOO°C.  The  specimen 
is  slowly  heated  at  a  constant  rate  in  a  tubular  furnace  and  the  radial 
temperature  distribution  is  measured  as  a  function  of  the  time.  The  recorded 
change  of  the  radial  temperature  distribution  allows  the  calculation  of  the 
thermal  diffusivity  as  a  function  of  temperature.  A  similar  method  has  been 
described  by  H  W  Flieger  for  the  investigation  of  moderately  poor  conductors 
(Lit.  162).  The  accuracy  claimed  is  ±1%  in  the  temperature  range  from 

70  to  1000°C. 

2.3.2  Periodic  Methods 

In  the  periodic  methods,  a  periodically  varying  heat  flow  is  generated  within  the 
specimen.  This  is  achieved  by  modulating  the  energy  of  a  Joulean  heater  or  of  an 
electron  beam  or  of  an  arc-image  or  by  the  re-radiation  of  the  heat  losses  of  the 
specimen  In  most  cases  no  additional  beating  is  necessary.  Die  variation  of  the 
temperature  at  different  positions  along  the  direction  of  heat  tlow  within  the  specimen 
is  observed  and  the  thermal  diffusivity  can  be  calculated  from  these  experimental 

r«»5ii  Its. 

The  different  solutions  of  Use  general  heat  flow  equations  are  dependent  on  the 
boundary  conditions  prescribed  by  the  experiment 

The  following  cases  will  be  discussed 

The  Angstrom  method  using  direct  resistance  heating 

The  electron  beam  and  arc-image  methods,  based  on  Cowan's  principal  calculation 

The  periodic  rate  of  cooling  aethod.  using  heating  by  an  arc- image 

The  disc  methods  of  kaspar  with  indirect  heating  of  the  specimen  in  a  furnace 

i  The  \r  otoi*  method 

A  hundred  years  a  go  Angstrom  il.lt  -4T  >  developed  his  classical  methixl  A  thin  long 
-od  is  heated  sinusoidally  at  one  end  and  the  propagation  of  the  t (tape rat u re  wave  is 
measurel  at  Afferent  .oints  alor,t  the  rod 

If  the  assumption  if  a  scan  infinite  rod  and  a  sinusoidal  t  *mperat  ure  -hange  <  * 
wade  the  t  hemal  diffusivity  may  be  determined  either  by  •■•-•Hiring  the  rath’  of  the 
amplitude*  P  of  the  .  emperature  wave  at  two.  points  »r  by  their  phase  dlffeience  '  : 
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If  both  Ai£  md  D  are  determined,  the  thermal  diffusivity  can  be  calculated  at  high 
temperatures  without  special  allowance  for  radial  heat  losses. 

cj&xi 

a  =  — -  (81 

2  logeD 

a)  is  the  angular  frequency  ot  the  temperature  variations  and  x  the  distance  between 
the  measuring  points. 

In  practice  is  may  be  difficult  to  produce  a  pure  sinusoidal  temperature  variation 
at  the  source,  although  it  can  be  realised  mechanically  (Birkholz,  Vis.  12A).  Goldsmid 
(Vis.  23)  uses  the  Peltier  effect  (see  also  Green  and  Cowoles,  Lit. 48)  with  advantage, 
because  of  the  symmetry  of  the  temperature  waves. 

If  the  initial  wave  is  square  or  not  truly  sinusoidal,  a  Fourier  analysis  of  the 
temperature  variation  at  a  point  may  be  carried  cut  and  attention  can  then  be  confined 
to  the  fundamental  frequency.  Tne  higher  harmonics  can  be  neglected,  for  they  are 
rapidly  attenuated. 

The  amplitude  of  the  temperature  oscillation  generally  used  is  smaller  than  ±5°C;  the 
frequency  is  about  ltmin"1]. 

Table  IX  (p. 94)  .lists  the  institutions  using  the  Angstrom  method.  As  shown,  this 
method  has  been  used  up  to  sOO°C  only. 

According  to  Birkholz  (Vis.  12A)  this  method  is  suitable  for  higher  temperatures  and 
the  theoretical  conditions  can  be  realised  experimentally  quite  easily.  Tbe  equipment 
is  simple  and  cheap.  This  method  should  be  considered  and  discussed  by  a  team  of 
specialists. 

2.3.1?.  2  Periodic  methods  based  on  Cowan's  analysis 

Cowan  (Lit  51)  has  presented  a  theoretical  study  on  the  modulation  of  the  tempera¬ 
ture  in  a  specimen,  »hen  one  face  is  periodically  heated 

Rased  an  this  calculation,  several  methods  of  determining  the  thermal  diffusivity 
have  been  developed  Generally,  the  specimen  is  a  thin  solid  plute.  a  sheet  or  a  disc, 
simile-  in  shape  to  tbe  specimens  used  in  the  f  I  ash  method  The  fr<  it  face  of  the 
specimen  is  heated  directly  by  electron  bombardment  or  by  the  radiation  from  an  arc- 
furnace.  No  aotitional  indirect  heating  is  t  .  pessary  The  change  in  temperature  of 
the  faces  during  the  modulated  beating  is  n  .  ..rded  photoelect  r  cal  lv 

Cowan's  treatment  allows  calculation  of  the  thermal  tn  ffusi  vitv  from  the  phase 
shift  between  the  temperature  variations  on  the  front  and  rear  faces,  between  the  hews 
modulation  and  the  temperature  variation  on  the  front  or  on  the  rear  face  of  the 
specimens  In  addition  thermal  diffusivity  may  he  calculated  from  the  attenuation  of 
the  tempo  “at  tire  wave  within  the  specimen  In  (tract  i--r,  these  solute  ns  are  used  in 
.he  fif.,1  of  nomograms 
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For  all  these  calculations  of  the  temperature  distribution  within  the  specimen, 
the  one-dimensional  differential  equation  is  used,  neglecting  heat  flux  in  the  direction 
parallel  to  the  faces.  Cowan  further  assumes  that  the  difference  in  heat  loss  from  the 
faces  of  the  specimen  is  proportional  to  their  difference  in  temperature  and  that  the 
energy  is  absorbed  in  an  infinitely  thin  layer.  A  correct  calculation  of  the 
diffusivity  of  a  specimen  from  the  measured  attenuation  or  phase  shift  is  possible 
only  when  the  heat  less  parameters  -  in  the  same  way  as  for  the  flash  method  -  are 
known.  Cowan  has  shown  how  these  parameters  can  be  determined. 

Cowan' s  solution  seems  to  be  correct,  but  the  accuracy  for  the  experimental 
determination  of  the  loss  parameters  is  only  a  few  per  cent  so  far. 

(a)  Heating  with  an  electron-gun 

ITiis  method  is  practised  in  only  three  research  establishments  (see  Table  X,  p.S5). 

By  using  an  electron-gun,  the  samples  can  be  heated  up  to  the  temperatures  of  melting 
or  vaporisation.  This  means  that  the  temperature  is  limited  only  by  the  temperature 
of  destruction  of  the  specimens.  The  heating  must  be  carried  out  in  a  high  vacuum 
(<.  10  4  mmHg).  This  is  a  disadvantage  for  materials  with  high  vapour  pressure. 

Modulated  heating  can  be  attained  very  easily  and  accurately  by  modulating  the  electron 
beam  power.  The  reproducibility  is  very  good  and  scientists  using  this  method  are 
convinced  that,  after  further  development,  determination  of  the  thermal  diffusivity 
should  be  possible  within  about  2%,  even  at  very  high  temperatures. 

(b)  Heating  with  an  arc -image  or  plasma 

An  arc-image  equipment,  for  the  periodic  heating  of  carbon  and  graphite  specimens 
has  been  used  with  success  for  many  years  in  the  USA  (UCC,  Vis.  44)  No  vacuum  is 
necessary.  The  modulation  of  the  heating  power  is  realised  by  intermittent  light, 
with  rotating  shutters  between  .ight  source  and  specimen  In  France  (ShECMA.  Vis. 4) 
new  equipment  has  been  developed  in  which  a  plasma  (5900°C)  is  used  as  a  source  of 
radiation  for  the  additional  heating  of  one  end  of  a  small  rod  specimen.  The 
sinusoidal  modulation  is  done  by  a  '‘persienne".  The  specimen  is  heated  basically 
over  the  whole  length,  as  well  as  at  the  end,  by  a  tubular  graphite  furnace  The 
temperature  wave  is  measured  at  two  points  along  the  rod  through  a  hole  in  this 
furnace  (the  Angstrom  arrangement). 

1\ Hate  of  cooling  methoil 

This  special  method  was  developed  in  the  I’CC  Researcn  Laboratories,  Parma,  by 
Null  and  Lozier  (Vis  4-1,  Lit.  52) 

An  arc-image  furnace  is  used  for  heating  Tbe  small  cylindrical  specimens,  a  few 
mm  in  diwmeter  and  10  mm  in  length,  are  heated  periodically  by  interrupting  the  beam 
of  light  by  means  of  an  elect  romagnet  ical  !y  control  Ip  I  shutter  No  additional  heating 
is  used  Ihe  surface  temperature  of  the  specimen  is  recorded  during  the  cooling 
interval  Analyses  of  the  problem  with  the  assumption  of  one- dimensional  heat 
flow  along  the  a?.is  of  the  sample  and  short  cooling  intervals,  show  that  the  heat 
flow  equation  can  ts>  solved  as  follows 
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where  y  is  the  density,  c  the  specific  heat,  K  the  thermal  conductivity,  At  the 
decrease  in  surface  temperature,  t  the  cooling  time  and  HQ  the  flux  absorbed  at  the 
surface  of  the  specimen,  which  is  measured  radiometrically. 

As  the  temperature  decrease  is  only  a  few  degrees  within  a  cooling  time  of  only 
30  msec  the  use  of  Newton’s  law  seems  to  be  justified.  This  method  gives  only  values 
of  the  product  key  but,  in  combination  with  Cowan’s  phase  shift  method,  where 
k/ cy  is  determined,  the  specific  heat  may  be  eliminated.  The  method  is  used  for 
graphite  in  the  temperature  range  of  2400°K  to  3300°K.  The  reproducibility  reported 
is  ±14%. 

2. 3. 2, 4  The  "disc  nethods"  of  Kaspar 

As  mentioned  earlier  the  main  problem  in  the  measurement  of  the  thermal  diffusivity 
at  high  temperatures  results  from  uncontrolled  heat  losses  by  radiation.  Kaspar  (Vis. 26) 
avoids  the  radiation  losses  by  an  appropriate  experimental  arrangement.  He  has 
developed  two  methods,  the  "double  disc  method”  (Lit.  53)  and,  as  an  improved  technique, 
the  "single  disc  method”  (Lit. 40). 

The  specimen  is  heated  indirectly  in  a  tubular  furnace.  At  the  end  of  the  tube 
mirrors  reflect  radiation  from  the  specimen  bacK  to  the  specimen.  This  reflected 
energy  is  modulated  by  means  of  rotating  blades. 

In  the  double  disc  method  a  pair  of  discs  is  exposed  at  their  outside  faces  to 
identical  periodic  flug  variations.  The  thermal  diffusivity  is  determined  from  the 
amplitude  ratio  of  the  temperature  variations  on  the  front  and  back  of  one  of  the 
discs.  The  main  difficulty  of  this  method  is  the  detection  of  the  very  small  tempera¬ 
ture  differences  of  some  tenths  of  a  degree  at  2000°C  or  mo*-e.  According  to  Kaspar 
a  sensitivity  of  about  10'J°C  may  be  achieved. 

In  the  double  disc  method,  tha  amplitude  and  phase  of  the  periodic  temperature 
variations  on  the  front  of  both  discs  must  be  identical  This  is  difficult  to  achieve, 
and  sc  the  single  disc  method  was,  developed.  In  this  method  a  shield  with  a  tolerably 
low  thermal  load  impedance  is  used  to  avoid  heat  losses  in  the  specimen  and  Kaspar 
used  stacKs  of  very  thin  tantalum  carbide  elements  with  success. 

These  methods  have  b.--n  used  so  far  in  the  temperature  range  J500°C  to  3000°(\  with 
a  graphite  tube  'uniace  ami  inert  atmosphere  The  sample  dimen-’ons  are  diameter 
25  mm  and  length  2  mm  The  accui voy  seems  to  he  about  + 10% 

2.  T.  2.  5  Summary  of  per  unite  transient  methods 

(Tie  periodic  tries  lent  me*  hods  setm  to  be  very  promising  for  application  at  high 
t asperaf uj >:s  Pi  t  v.  developed  bv  Angstrom  one  hundred  years  ago,  more  modern  methods 
are  available  to  day  such  as  the  direct  heating  by  electron  bombardment .  by  radiation 
from  an  arc-ima  e  or  a  plasma,  or  bv  re -imagine  the  radiation  u  the  indirectly  heated 
specimen  itself.  A 1 .  these  new  modifications  with  periodic  heating  and  cooling  arc 
applied  in  practice  fe~  the  measurement  of  refractory  materials  up  to  the  highest 
t  twperat  tires,  i.c.  up  to  the  temperature  f  destruction  of  the  soecimens. 
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In  comparing  the  advantages  of  the  special  modifications,  the  electron  gun  technique 
offers  advantages  because  it  permits,  by  simple  means  a  perfect  sinusoidal  modulation 
of  the  heating  on  one  hand,  and  has  a  wide  range  of  experimental  possibilities  for  vary¬ 
ing  the  heating  and  measuring  conditions  on  the  other  hanu.  The  users  of  this  technique 
are  convinced  that  they  are  able  to  develop  this  method  further  into  a  high  precision 
technique.  The  disadvantage  is  in  the  necessity  for  high  vacuum,  which  makes  appli¬ 
cation  of  the  method  impossible  for  materials  with  high  vapour  pressures  and  high 
evaporation  rates.  For  such  materials  the  periodic  heating  by  radiation  using  an  arc- 
image  or  a  plasma  is  advantageous.  In  these  cases  the  modulation  must  be  performed 
median!  "ally. 

Since  Kaspar’  &  method  doer  not  necessitate-  heat  loss  corrections,  it  seems  the  most 
appropriate  for  very  high  temperature  work. 

2 .3.3  Summary  of  Thermal  Dif  fusivity  Measurements 

With  modern  transient  methods,  measurement  of  the  thermal  diffusivit  may  be  per¬ 
formed  on  small  specimens  and  in  a  short  time.  For  most  non-stationary  methods  the 
experimental  set-up  is  simpler  than  for  thermal  conductivity  apparatus,  but  the  source 
of  energy  is  very  expensive  in  most  transient  methods.  However,  the  accuracy  achieved 
is  not  yet  as  high  as  with  the  steady-state  methods.  With  further  development  of  the 
measuring  techniques  an  accuracy  of  better  than  ±5%  might  be  reached,  even  at  very 
high  temperatures.  Only  for  the  Angstrom  method  has  a  reproducibility  of  better  than 
±2%  been  claimed.  The  Angstrom  method  should  be  highly  promising  for  high  temperature 
application,  too.  Generally,  the  transient  methods  can  be  used  up  to  the  temperature 
of  destruction  of  the  specimen.  A  great  difficulty  is  the  exact  determination  of  the 
heat  loss  parameters,  knowledge  of  which  is  necessary  to  calculate  the  diffusivity  of 
the  sample  material  from  measured  data. 

Another  method  is  that  of  Kaspar,  who  suppresses  radiation  losses  experimentally. 

This  method  is  highly  promising,  but  further  development  is  necessary. 

Apart  from  their  unique  application  at  very  hi  h  temperatures,  some  of  the  methods 
can  be  used  down  to  low  temperatures,  too,  result,  g  in  a  wide  range  of  application 
temperatures. 

This  Is  true  for  the  Angstrom  method  as  well  as  for  the  electron-gun  method,  when 
IR  detectors  are  used  i Wheeler  Vis  211 

When  thermal  diffusivity  measurements  are  used  indirectly  for  the  deterrainat lor,  of 
the  thermal  conductivity,  the  spec. fir  heat  must  be  known  as  accurately  as  possible 
(see  Section  2  -41 

*  4  Weasurewent  ol  Specific  Heat 

As  shown  in  Section  2  1,  knowledge  of  the  specific  heat  Is  necessary  for  the 
calculation  of  the  thermal  conductivity  Iron  thermal  diffusivity  measurements 
Therefore,  techniques  for  determining  the  specific  heat,  especially  at  high 
temperatures  are  considered 
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The  specific  heat  is  temperature-dependent,.  The  method  most  used  is  the  “drop- 
calorimetry”  method,  which  essentially  gives  values  of  the  enthalpy  of  the  specimen 
at  the  temperature  of  the  heated  specimen  relative  to  that  at  the  temperature  of  the 
calorimeter.  By  keeping  the  same  calorimeter  temperature,  but  making  runs  at  different 
furnace  temperatures,  the  relative  enthalpy  can  be  found  as  a  function  of  temperature. 

The  adiabatic  calorimeter  is  adequate  for  the  determination  of  the  specific  heat 
at  very  small  temperature  intervals,  but  it  is  more  complicated.  Furthermore,  some 
special  techniques,  such  as  the  pulse  heating  method,  exist. 

2.4.1  An'iabatic  High-Temperature  Calorimeters 

Generally,  the  specimen,  heated  under  adiabatic  conditions,  serves  as  its  own 
calorimeter.  The  specimen,  sometimes  enclosed  in  a  close-fitting  capsule  of  non¬ 
reacting  material  is  heated  by  an  internal  electrical  heater  in  a  sensitively  controlled 
environment  and  the  temperature  rise  in  the  sample  caused  by  an  additive  energy  input 
is  measured. 

The  specimen  and  its  container  are  surrounded  by  an  adiabatic  shield,  the  tempera¬ 
ture  of  which  is  matched  to  the  temperature  of  the  specimen  as  closely  as  possible  by 
additional  heaters.  This  is  accomplished  by  monitoring  the  temperature  of  the  specimen 
at  different  points,  and  again  at  equivalent  points  of  the  adiabatic  shielding,  hy 
thermocouples  and  by  using  the  differences  of  the  emfs  of  corresponding  thermocouples 
to  control  the  power  of  the  shield  heaters. 

This  method  looks  very  simple  in  principle  but  is  very  complicated  in  practice  if 
high  accuracy  is  required.  Only  four  establishments  within  the  NATO  nations  were 
found  to  use  this  method. 

2. 4.1.1 

The  University  of  Tennessee  (Stansbury,  Vis  45.  Lit.  54.  55)  has  been  working  for 
many  years  on  the  development  of  adiabatic  calorimeters  of  high  accuracy.  So  far 
temperatures  of  1000°C  can  be  realised  The  accuracy  claimed  (tO.  5%)  is  the  best 
found  in  high  temperature  calorimetry  It  should  be  mentioned  that  the  short  range 

order  in  Cr-Ni  alloys  could  be  detected  by  this  technique  (Lit .56),  showing  that  these 
alloys  are  unsuitable  as  standards  tor  thermal  conductivity  measurements 

2.  4. ! .  J 

The  NPI,  Metallurgy  Division  (Vis  22'  has  developed  a  high  temperature  adiabatic 
calorimeter  for  the  determination  of  the  heat  of  reaction  in  metallic  systems.  This 
calorimeter  can  be  used  for  measurements  of  the  specific  heat,  too  Temperatures  up 
to  ; !00°(’  can  be  achieved  so  far  In  this  high  temperature  range  an  accuracy  of  *1T 
is  claimed  M.it  57)  Kubaschewski  thinks  that  it  is  possible  to  extend  the  temperature 
of  application  up  to  Idon'V 

■  >  f  > 

.  .  t.  I  .  1 

R  Kohlhaas  and  his  collaborators  iVts  l.ii  have  developed  an  adiabatic  calorimeter 
and  used  it  from  room  temperature  up  to  ifiOO'V  il.lt  102,  103)  Tin'  cylindrical 
specimens  of  22  nm  diameter  and  no  mm  height  hung  on  a  molybdenum  wire  within  a  thermal 
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Insulation  of  alumina.  The  adiabatic  conditions  in  this  arrangement  are  realised  by 
a  directly  heated  molybdenum  tube,  the  temperature  of  which  is  matched  to  the  tempera¬ 
ture  of  the  specimen.  Kohlhaas  and  Braun  have  studied  systematically  (Lit. 101)  the 
errors  in  such  an  adiabatic  calorimeter  system. 

Por  this  method  an  accuracy  of  ±2%  at  1500°C  is  claimed.  This  calorimeter  has  been 
developed  for  studies  on  specific  heat  of  iron  alloys  during  the  transition  between 
the  solid  and  liquid  states,  i.e.  for  1600°C  as  the  upper  temperature  limit.  Using 
other  materials  for  heaters  (tantalum^  and  a  different  insulation  instead  of  alumina, 
this  system,  using  ubular  furnace,  could  be  developed  for  application  at  higher 
temperatures.  Kohl  i  corrects  his  measurements  for  heat  losses  and  calls  his  method 
"quasi-adiabatic”. 

2.4. 1.4 

According  to  Flynn,  the  NBS  also  has  an  adiabatic  calorimeter,  used  up  to  500°C. 
Further  details  are  not  known. 

2.4.2  Drop  Calorimetry 

In  this  technique  the  encapsulated  specimen  is  heated  in  a  separate  tube  furnace 
up  to  the  measuring  temperature  and  then  dropped  into  a  calorimeter,  where  the 
temperature  increase  is  measured. 

The  arrangement  seems  very  simple,  but  special  care  must  be  taken  to  account  for 
heat  losses  from  the  capsule  during  the  drop  and  to  avoid  heat  transfer  from  the 
furnace  to  the  calorimeter.  Hie  precautions  become  more  and  more  important,  the 
higher  the  temperatures. 

The  furnace  tube  is  connected  to  the  calorimeter  by  a  drop  tube  which  normally  con¬ 
tains  two  shutters.  These  are  only  opened  during  the  drop  and  are  supposed  to  prevent 
heat  exchange  between  furnace  and  calorimeter.  The  temperature  of  the  capsule  is 
measured  pyrometrically.  Heat  losses  can  be  minimised  by  using  a  hydrogen  atmosphere, 
for  in  this  case  thermal  equilibrium  is  reached  very  quickly,  on  account  of  thp  high 
thermal  conductivity  oi  hydrogen  (Lit. 58.  Vis. 33). 

A  critical  study  of  the  different  types  of  drop  calorimeters  and  their  respective 
advantages  and  errors  is  given  by  Douglas  (Lit .  59 >  ftir  temperatures  near  room 
temperature  a  precision  of  +0.04^  and  an  accuracy  of  to  5T  are  claimed  At  very  high 
temperatures  (2800°0  an  accuracy  of  * l %  has  been  reached  The  overall  accuracy  of  a 
drop  calorimeter  is  comparable  with  that  of  an  adiabatic  calorimeter.  Because  the 
measured  specific  heat  is  calculated  from  the  difference  between  large  numbers,  further 
improvement  in  accuracy  is  very  difficult  and  also  expensive 

The  drop  calorimeter  is  widely  used  in  the  NATO  nations 

Problems  in  drop  calorimetry  arise  if  the  sample  undergoes  a  transition  during  the 
experiment  or  remains  in  an  ill  defined  state  after  the  quenching 

Becuiise  of  the  large  number  of  ,.uies  using  drop  calorimetry,  no  special  list  is 
compiled.  Tie  institutions  can  be  found  in  the  list  of  visits  (Section  3  !• 
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2.4.3  Pulse-Heating  Calorimetric  Techniques 

These  methods  are  limited  to  electrical  conductors  but  can  be  used  up  to  the  melting 
point  of  the  material.  The  specimen  behaves  as  its  own  calorimeter.  The  specific  heat 
i3  calculated  from  the  rate  of  temperature  increase  resulting  from  uniform  electrical 
heat  dissipation  within  the  specimen.  Two  different  methods  are  used  in  the  institutes 
visited: 

(a)  ORNL-method  of  Kollie  (Vis. 41,  Lit. 60) 

The  predetermined  specimen  temperature  is  achieved  by  Joule  heating  of  the  rod  with 
a  constant  current  and  recording  the  rod  temperature  and  the  power  dissipation  in  a 
known  length  of  the  specimen.  From  these  the  electrical  resistivity  and  the  total 
emittance  are  determined.  By  suddenly  increasing  the  current  and  measuring  the  tempera¬ 
ture  and  power  of  the  test  section  as  a  function  of  time,  using  a  high  speed  digital 
voltmeter,  the  specific  heat  is  calculated.  The  rod  is  suspended  in  a  black-body  vacuum 
chamber  of  constant  temperature.  Radiation  losses  occurring  during  the  pulse  (^  4  sec) 
are  accounted  for  by  using  previously  measured  total  emittance  values.  This  method  is 
used  up  to  1400°C.  The  accuracy  is  ±1%  from  100  to  800°C  and  somewhat  less  at  higher 
temperatures  (±5%). 

Black-body  conditions  in  the  chamber  were  attained  by  spray-coating  all  surfaces 
inside  the  chamber  witn  a  pure  colloidal  synthetic  graphite.  It  is  assumed  that  this 
coating  has  an  emittance  of  approximately  1.0. 

The  method  was  improved  recently  by  connecting  the  output  of  the  fast  digital 
voltmeter,  for  current,  voltage  and  temperature,  directly  to  the  ORNL  computer  system. 

(b)  Atomics  International  method  (Taylor,  Finch,  Vis.  28,  Lit. 61) 

This  method  uses  pulses  of  the  order  of  milliseconds  and  heating  rates  from  1000°C 
to  60,  0G0°C  per  second.  The  specimens  have  the  shape  of  filaments  and  the  temperature 
of  the  sample  is  determined  froa  the  electrical  resistance  of  the  filament.  A  dual 
beam  oscilloscope  is  used  to  record  the  resistivity  as  a  function  of  time.  The  saaples 
are  heated  additionally  by  means  of  a  furnace,  which  determines  the  upper  limit  of  the 
temperature  of  application. 

Because  of  the  high  heating  rates  and  the  small  temperature  variation  (1°C)  the 
radiative  losses  amount  to  only  a  tew  per  cent  of  the  dissipated  energy.  With  a 
correction  which  uses  only  an  approximate  value  for  the  emittance,  this  error  in  the 
specific  heat  due  to  radiation  is  reduced  to  less  than  •Ml  The  overall  accuracy  was 
estimated  to  be  better  than  r5%. 

According  to  Finch  (Vi.  28)  the  same  pulse-heating  technique  has  been  used  in  Prance 
by  Lallement  and  Affortit  (Lit. 62) 

2.4.4  Summary  of  Measurements  of  the  Specific  Heat 

Prop  calorimetry  Is  the  most  frequently  used  method  fer  measuring  specific  heat  in 
all  temperature  ranges  up  to  the  upper  limit,  of  about  2800°C  N  other  method  Is  more 
accurate  This  method,  yielding  only  mean  values  between  a  wide  i  of  temperatures. 
Is  not  applicable  for  materials  which  undergo  trails  formats  "ns  in  the  interval  between 
the  temperature  of  the  furnace  and  the  temperature  of  the  calorimeter 


33 


The  adiabatic  calorimeter,  which  avoids  this  disadvantage,  becomes  very  complicated 
in  the  experimental  arrangement  if  great  accuracy  at  high  temperatures  is  required. 

The  pulse  technique  is  not  very  accurate,  but  it  can  be  used  up  to  the  temperature 
of  destruction  of  the  specimens.  A  list  of  institutions  using  adiabatic  and  pulse 
methods  is  given  in  Table  XI  (p.96). 

2.3  Measurement  of  Eklssivity 

In  the  preliminary  report  the  nomenclature  of  Worthing  (Lit.  63)  and  Richmond  (Lit. 64) 
was  used.  According  to  this,  all  properties  of  a  material  itself  should  have  the 
ending  *ivlty'\  whereas  properties  relating  to  the  surface  should  end  in  “ance”.  In 
this  sense  we  can  define 

e>*ittance:  ratio  of  energy  radiated  by  a  surface,  per  unit  area,  per  unit  time, 

to  the  energy  radiated  by  a  black  body  at  the  same  temperature; 

emissivity:  emittance  of  »  material  having  an  optically  smooth  surface  and  a 
thickness  sufficient  t~  be  opaque. 

Ip  a  comment  on  this  proposal,  Lozier  (Vis. 44)  said  that  international  standardi¬ 
sation  requires  the  use  of  “emittance”  to  describe  surface-dependent  emissive 
properties  to  be  abandoned  in  favour  of  “emissivity”.  The  nomenclature  in  the  report 
was  therefore  adapted  to  this  principle. 

Knowledge  of  the  emissivity  of  a  specimen  is  necessary  for  a  correct  pyrometrical 
measurement  of  temperature,  as  well  as  for  the  calculation  of  heat  losses  by  radiation. 

For  the  first  problem,  the  temperature  is  measured  in  holes  whenever  possible, 
which  means  that  near  black -body  conditions  are  realised.  Direct-heating  methods 
using  filaments  and  transient  methods  have  to  measure  the  true  temperature  oi  the 
surface.  In  this  case  knowledge  of  the  spectral  emissivity  Is  Important  because  the 
optical  pyrometers  usually  use  a  wavelength  of  0  665,u. 

”.5.1  Experimental  Determination  of  the  Emissivity 
2.5 .1.1  Measurement  of  reflectivity 

The  emissivity  of  a  surface  is  related  tv.  Its  reflervivity  by  Klrchhoff  s  Law 
Since  reflectivity  is  easier  and  more  accurate  to  measure  than  emissivity,  the  National 
Bureau  of  Standards  (Lit  65'  has  developed  an  apparatus  for  reflectivity  measurements 
at  elevated  temperatures  It  uses  a  continuous  gas  laser  as  the  1 1  limiinat  lng  source 
in  an  Integrating  sphere  ref lectometer  Tie  incident  radiation  is  cut  off  so  that  the 
reflected  radiation  can  be  distinguish'’ d  frm  the  emitted  flux  By  use  of  the  laser 
source  the  reflected  flux  is  Intensified  to  many  orders  of  magnitude  and  can  be 
detected  very  accurately  The  disadvantage  that  only  a  few  wavelengths,  determined 
hy  the  characterist  les  of  the-  laser,  can  be  measured  may  be  overcome  by  Interpolat  lng 
between  the  measured  values  rhen  the  whole  spectrum  at  mom  tmperature  is  known 

The  reflectivity  at  room  temperature  is  measured  by  an  ellipsoidal  mirror  refleoto- 
seter.  where  a  narrow  beam  of  radiation  from  the  monochromator  is  focused  through  a 
small  hole  In  the  ellipsoidal  mirror  on  to  the  specimen,  which  is  positioned  at  the 
first  focus  of  the  ellipsoid  The  ellipsoidal  mirror  forust  s  the  radiation  reflected 
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by  the  specimen  on  to  the  detector,  which  is  positioned  at  the  second  focus  of  the 
mirror  system,  some  40  cm  below  the  specimen.  The  flux  losses  are  considerable  and 
an  error  analysis  has  not  yet  been  given  (Lit. 65). 

This  ref lectometer  measures  the  directional-hemispherical  reflectivity  of  specimens 
from  room  temperature  up  to  2500°C,  either  absolutely  or  relatively.  The  error  in 
absolute  reflectivity  varies  from  about  +0.7%  for  a  perfectly  diffuse  specimen  to 
about  -0.02%  for  a  perfectly  specular  specimen. 

2.5.1. 2  Measurement  of  total  emissivity 

In  all  methods  a  specimen  in  thy  form  of  a  thick-walled  hollow  cylinder  is  heated 
and  the  emissivity  of  the  specimen  is  compared  with  that  of  a  standard.  The  various 
metnods  differ  in  the  arrangement  of  the  specimen  and  the  standard. 

In  the  "center  post  technique"  (Vis. 27,  Lit. 66)  the  specimen  is  positioned  in  a 
susceptor  having  a  centre  post.  The  specimen  fits  over  the  centre  post  and  is  heated 
by  the  susceptor.  The  emissivity  of  the  specimen  is  taken  as  the  ratio  of  the  radiated 
energy  of  the  surface  of  the  specimen  to  that  of  the  centre  post,  multiplied  by  the 
known  emissivity  of  the  susceptor  material. 

In  the  "deep  cavity  technique”  (Via. 27,  Lit. 66)  the  susceptor  has  no  centre  post; 
it  forms  the  bottom  of  the  central  cavity  and  the  specimen  forms  the  side  walls.  To 
increase  the  effective  emittance  of  the  cavity  it  is  lined  with  a  high -emittance 
material  (NiO).  The  emittance  of  tne  specimen  is  taken  as  the  ratio  of  the  radiance 
of  the  flat  top  of  the  specimen  to  that  of  the  cavity. 

The  susceptor  was  made  of  tungsten.  The  temperatures  were  measured  with  an  optical 
pyrometer  and  the  radiated  energy  with  a  total  radiation  pyrometer.  Corrections  were 
made  for  optical  scattering  errc:  and  temperature  difference  error. 

It  was  found  that  the  "center  post  technique”  is  more  accurate  than  the  "deep  cavity 
technique”.  Data  obtained  by  the  shallow  cavity  technique  and  by  integration  of 
normal  spectral  emissivity  measured  by  the  rotating  cylinder  method  are  less  accurate, 
too.  The  centre-post  data  were  estimated  to  be  in  error  of  about  0.08  in  emissivity 
(Lit. 66) . 

..5.  I.  t  Measurement  of  spectral  rm  i  •.  •.  :  t  ■:  f  \ 

Fur  the  determination  of  the  spectral  emissivity  the  "hole- in-tune  method”  can  be 
used.  The  specimen,  in  the  form  of  a  thin  sheet,  is  rolled  ic.tr.  a  1  mm  diameter 
tube.  180  ran  long.  A  1  mm  hole  is  drilled  through  one  wall  near  the  centre  of  the 
tubular  specimen,  thus  forming  a  black -body  cavitv  for  pynwetric  t  empt  ■'•at  lire 
measurements.  The  emissivitv  is  calculated  fr>«  trie  ratio  of  the  t  errnei  i' ures 
measure.)  in  and  te  the  side  of  the  hole.  The  apparatus  was  operated  to  >  ,’00"C.  4j, 

error  analysis  is  not  given. 

This  method  is  also  used  at  the  Bat  t  <•  n  «•  Memorial  Institute  .  V  l  * .  29  s  fr  the 
determination  of  the  total  emissivity. 


At  the  Southern  Research  Institute  V-s.+J,  Li!  +.7  •  ,  t 
c.aspared  with  the  radiance  of  a  black -!••*!>  avity  at  the 
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surface  temperature  of  the  specimen  is  determined  with  thermocouples,  up  to  1300°C  and 
up  to  2750°C  by  optical  pyrometry.  For  the  determination  of  the  true  temperature,  a 
method  of  iterating  between  the  readings  of  the  optical  pyrometer  and  a  total  radiation 
detector  (a  160-junction  thermopile)  is  used.  A  hole,  1.25  mm  diameter  and  150  mm  long, 
in  graphite  serves  as  a  black  body.  The  apparatus  operates  from  400°C  up  to  2750°C  and 
an  accuracy  of  about  ±12%  is  claimed. 

The  method  used  at  the  PTB  for  emissivity  measurements  (Vis. 10,  Lit. 68)  measures 
the  polarisation  of  the  emitted  radiation  as  a  function  of  the  angle  of  emissivity. 

This  method  can  be  used  for  metals  up  to  2500°K  with  an  accuracy  of  ±2%.  The  emissivity 
of  hafnium  and  tungsten  were  determined  in  this  way. 

2.5 .1.4  Summary  :>/  measurements  of  emissivity 

Although  many  efforts  have  been  made  to  measure  precise  values  of  emissivity  the 
problem  of  using  these  values  for  the  calculation  of  heat  losses  has  not  been  solved 
satisfactorily  because  the  emissivity  is  highly  dependent  on  the  surface  smoothness, 
the  degree  of  oxidation  or  chemical  reaction,  and  the  surface  structure. 

Therefore  all  methods  of  determining  thermophysical  properties  at  high  temperatures 
try  to  avoid  corrections  in  which  numerical  values  of  the  emissivity  have  to  be  used. 
Institutions  measuring  the  emissivity  are  listed  in  Table  XT  1  on  p.97. 


2.6  Measurement  o!  Thermal  Expansion 

Thermal  expansion  is  another  important  thermophysical  property  of  thermal  expansion 
behaviour.  The  following  coefficients  are  very  often  used  to  describe  .... 

The  mean  c->e  rt'ic  tent  of  linear  thermal  expansion,  defined  as 

L.  -  L.  1 
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where  I.,  and  1.  are  the  lengths  of  the  specimen  at  temperatures  T,  and  T 

The  <  ,ie  '  f  i ,  :  e-,  f  i  .it  :  '  a  >.  it  r  T  (instantaneous  coefficient  of  linear 

thermal  expansion'.  defined  as 
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2.6. 1.1  Principle  of  the  method 

Generally  the  interferometers  consists  of  two  flats  with  reflecting  surfaces,  placed 
parallel  to  each  other  a  short  distance  apart.  The  specimens  are  arranged  between  the 
two  flats.  If  monochromatic  light  impinges  on  the  surfaces  from  one  side,  interference 
fringes  are  formed.  *fhen  the  two  surfaces  are  moved  by  a  dilatation  of  the  specimen, 
the  fringes  move  too,  and  this  movement  is  usod  to  determine  the  thermal  expansion. 

In  vacuo,  the  linear  thermal  expansion  is  given  by 


AL  \n 

l7  ‘  2L  ' 


(12) 


where  L  and  aL  are  the  specimen  length  and  Its  increment,  \  is  the  wavelength 
of  the  light  used  and  N  is  the  number  of  fringes  which  have  passed  the  reference 
mark. 


Polished  flats  made  of  vitreous  silica  of  optical  quality  are  used  as  reflecting 
surfaces.  The  bottom  of  the  lower  flat  Is  ground  so  as  to  be  non-ref lectlve,  while 
the  surfaces  of  the  top  flat  should  have  an  angle  of  about  15  minutes  of  arc  between 
them,  to  reduce  and  eliminate  extraneous  reflections  and  fringes.  A  reference  point 
or  line  is  etched  in  the  surface  of  the  upper  flat.  Monochromatic  light  of  known 
wavelength  is  used  for  illumination.  Kirby  (Vis. 39)  is  developing  a  laser  as  the 
source  of  light.  To  produce  a  convenient  number  of  fringes  In  the  field  of  ’'islon, 
the  specimens  must  be  of  exactly  the  same  length,  to  within  several  wavelengths  of 
light. 

2.6.1. '2  The  Fizeau  and  the  Teuton's  rings  method 

Ihere  arc  several  types  of  interferometer,  such  as  the  Fizeau  interferometer,  the 
Abbe -Pul  f rich  interferometer,  the  Priest  interferometer  ami  the  liCC  interferometer 
using  Newton' s  rings. 

The  expansion  of  a  specimen  measured  with  he  Fizeau  interferometer  is  determined 
absolutely,  but  the  expansion  as  measured  with  the  Priest  and  Abbe-Pulfrich  inter - 
ferome'ers  is  determined  relative  to  the  expansion  of  some  reference  material,  such 
as  vltrous  silica.  The  interferometer  using  Newton’s  rings  also  gives  absolute  data. 

In  the  Fizeau  interferometer  proposed  by  the  4SW  si, it  .69).  two  vitreo-.  silica 
flats  are  used  The  spec  imens.  of  the  order  if  a  few  on  long,  sre  placed  “tween  the 
two  fiats  in  such  a  way  that  <me  of  the  three  points  of  support  bears  a.  st  of  the 
weight  of  thi  'op  flat  This  posit  ton.  directly  >ver  the  support,  is  chosen  as  the 
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u  se<l 


The  s.-f.s 
corresponds 


;  t  v  f  this  *elh  >d  is  »t» 
".e-half  a  wavelength  of 


*'  •  10  ms,  si’i-'.-  a  fringe  sept  rat  io," 
gh‘  «n-1  1  It'-  f  a  fringe  can  be  es»  i*a?"d. 


n-  «• 


r:“  r  t 


f  *  r-3  1  ell  a: 

y  \  /***»  :  :  ii  r  r-  r  f  •* 


1  *  h 


live!  is--  t  bv  the  iVC  '>  i  s  .,  1  u  Tic.  Measure- 
fer  ni.o  .•  ,s;rg  New:  s  rings  ;s  rathe:  similar 
One  f  Ve  ;  '  : ■  a  1  flats 


I-  -  fif*  ?  rt  r 


37 


plano-convex  lens,  which  rests  on  the  specimen  with  the  plane  side.  Newton's  rings 
are  formed  between  the  curved  r’rface  of  the  lens  and  the  lower  surface  of  the  optical 
flat,  positioned  closely  above  For  the  dete ini nation  of  the  thermal  expansion  a 
portion  '  the  area  of  the  first  Newton’s  ring  is  viewed  by  a  photomultiplier.  The 
output  of  this  photomultiplier  is  received  by  a  xy-recorder  in  addition  to  t.he  emf 
of  the  thermocouple  attached  to  the  specimen.  The  apparatus  operates  in  a  vacuum. 
Specimens  About  12.5  and  25  mm  long  and  of  25  mm  diameter  are  used.  For  illumination 
a  mercury  arc  lamp  was  chosen. 

The  sensitivity  of  the  system  should  be  equal  to  that  of  the  other  interferometers. 
As  the  apparatus  is  not  yet  finished,  an  error  analysis  is  not  given.  The  Newton’s 
rings  method  is  superior  to  the  Fizeau  method  if  automatic  recording  is  used. 

Interferometry  methods  were  seen  in  use  during  visits  to  the  establ  ’ -^hments  shown 
in  Table  XIII  (p.98). 

2,6.2  Push-Rod  Dilatometers 

In  a  push-rod  dilatometer.  the  soecimen  is  heated  indirectly  by  a  controlled 
furnace.  The  thermal  expansion  of  the  specimen  is  conveyed  out  of  the  heated  zone  by 
ar  extension  rod  and  compared  with  the  expansion  of  a  known  material. 

For  measurement  of  the  differential  expansion  between  the  specimen  anu  the  reference 
material,  various  arrangements  are  used,  such  as  •  al  gauges  (Adamel,  Vis. 2;  Pears, 

Vis. 42,  Lit. 73),  differential  transformers  (Linseis,  Vis. 12B,  Net„sch,  Vis. 31,  44), 
mirror  systems  (Bollenrath,  Leit  Vis. 11,  28),  etc.  The  sensitivity  of  these 
measuring  devices  is  satisfactory,  out  the  accuracy  of  the  results  is  affected  by  a 
mber  of  doubtful  factors,  such  as  the  thermal  expansion  of  the  reference  material, 
the  slipping  and  deformation  of  the  specimen,  inhomogeneous  heat  distribution  in  the 
furnace,  p.ad  so  on. 

Many  different  ways  of  overcoming  fhese  difficulties  have  been  proposed.  An  unusual 
solution,  with  the  specimens  inclined  at  30°  to  the  horizontal  axis,  deserves  mention 
here  ( Get  to,  V  is.  15  > . 
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The  high  '-’aperature  dil&tometer  of  the  SRI  uses  graphite  extension  rods  and  can  be 
operated  up  to  27  50°C.  Tbe  specimen  required  is  about  18  mm  in  diameter  and  a  length 
of  75  ua  is  desirable  for  accurate  results.  Movement  of  the  specimen  is  measured  by 
a  dial  gauge,  which  indicates  total  movement  of  2  x  10'4  mm.  When  required,  tungsten 
pads  are  inserted  at  the  enas  of  the  specimen  to  eliminate  diffusion  of  graphite  from 
the  dilatometer  parts  into  the  specimen.  Either  a  helium  or  an  argon  atmosphere  is 
employed,  but  the  equipment  can  also  be  operated  in  a  vacuum. 

An  overall  accuracy  of  ±5%  is  claimed.  Errors  resulting  from  temperature  gradients 
are  estimated  t  >  be  less  than  il%.  Because  of  the  general  application  of  the  push-rod 
method,  no  separate  table  oi  institutions  using  this  method  is  giver.;  they  can  be  seen 
from  the  list  of  visits,  in  Section  3.1. 

2. 6.3  The  Bauai  c»  Dilatometcr 

T(ie  Baudron  dilatcaeter  (Lit.  131)  is  a  modification  of  the  push-rod  system.  The 
principal  idea  is  to  eliminate  the  effect  of  the  dilatation  of  the  rod  system  on  the 
recording  system,  ’’’his  is  done  by  arranging  the  push-rod  system  at  right-angles  to 
the  specimen  axis.  The  dilatation  of  the  specimen  is  transferred  to  a  differential 
transformer  by  a  pivoted  lever. 

The  Baudron  dilatometei  was  s  en  in  use  at  the  Britxsh  Ceramic  Research  Association 
(Vis. 19) .  There  sintered  alumina  is  used  as  the  material  for  the  rod  system.  The 
lever  hearings  are  positioned  in  an  Invar  block,  outside  the  furnace,  to  minimi.ee 
errors  caused  cy  the  variation  of  the  distance  between  the  bearings.  The  m*  'hod  gives 
a  reproducibility  within  ±.\%  and  an  overall  accuracy  >  ±2%. 

The  creep  of  the  rod  system  could  be  a  very  serious  disadvantage  and  no  experience 
at  very  hi'  emperatures  is  available. 

2.6.4  Twin  Wicroscrpe  Comparators 

If  mechanical  sy-toas  for  measuring  the  thermal  expansion  cannot  be  applied  because 
of  excessive  temperatures,  crtical  systems  may  be  used  with  advantage.  Such  a  system 
consists  oi  a  furnace  containing  the  sample  and  two  ion-s- focus  (tele-)  microscopes. 

This  method  seems  to  he  simple  tut  socj  difficulties  arise  in  practice.  Suitable 
marking  of  the  specimens  Is  one  difficulty,  because  the  optical  observation  requires 
the  brightness  of  the  mark:*  to  differ  from  the  background,  A  sufficient  contrast 
between  eaiks  and  background  has  been  achieved  by  using  small  holes  drilled  in  the 
sample  (Vis. 33,  Lit. 74)  or  by  using  thin  wires  as  marks. 

Another  difficulty  arises  because  the  optical  measurements  ore  subjt.  t  to  error 
caused  by  retraction  cf  the  light  beams  in  the  medium  rurr  uindlng  the  samp!*.  There¬ 
fore  a  correction  factor  must  be  applied  to  obtain  accurate  results. 

Similar  problems  occur  in  modem  creep-test ina  apparatuses.  Some  laboratories  use 
recording  comparators  for  measuring  the  elongation  sGiX',  Vis. 33).  With  the  "Optron" 
device  a  sensitivity  In  si*  room  tic  optical  length  measurement  oi  2.5-  10’'am 
tl  •  i(T*  inch'  Is  rchieved. 
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Sea®  examples  are  now  given  to  illustrate  the  measurement  of  thermal  expansion  by 
twin  microscopes. 

2. 6.  4.1  Kirby's  newly  developed  apparatus  (Vis. 39) 

Kirby  uses  a  vertically  mounted  tubular  vacuum  furnace  of  0. 5m  length  and  a 
rhenium  heater  with  five  separately  controlled  heater  units.  The  sample  length  is 
100  mm  Pt/6Rh  vs  Pt/30Rh  and  W/13Rh  vs  W/25Rh  thermocouples  are  used  for  the 
temperature  measurements.  A  standard  deviation  of  ±23  ppm  is  claimed;  that  means  a 
precision  in  length  measurement  of  2. 3  x  10'3  mm. 

Exchange  of  specimens  with  GET  Laboratories  (Vis. 33)  has  produced  excellent 
agreement. 

2. 6.4.2 

The  GEC  group  uses  twin  microscopes  for  measuring  the  thermal  expansion  up  to  2500°C 
(Vis. 33.  Lit. 74,  90). 

The  specimens,  about  60  bib  long,  are  heated  in  a  tungsten  furnace  operating  in  a 
helium  atmosphere.  Rod  and  sheet  material  can  be  used  and  the  specimen  is  positioned 
horizontally  in  a  tungsten  bloc!:  supported  within  the  furnace.  Email  holes  of  0.25  mm 
diameter,  50  mm  apart,  are  used  as  the  reference  marks.  Above  1000°C,  the  temperature 
of  the  specimen  is  measured  pyrometrically;  below  this  temperature  Pt.  vs  Pt/lORh 
thermocouples  are  used.  The  temperature  uniformity  of  the  entire  specimen  is  within 
i 10°C,  achieved  by  the  massive  tungsten  holder  and  additional  radiation  shields.  The 
microscope  is  calibrated  before  each  test  by  using  a  standard  linear  scale  etched  on 
a  glass  slide.  The  measured  expansion  values  are  corrected  for  the  refraction  occurring 
in  the  helium  atmosphere.  The  reproducibility  is  ±2%  at  2500°C. 

2.  (*.  4..?  Collins's  measurement  of  the  thermal 
expansion  of  graphite  (Lit. 75) 

Optica)  methods  have  been  used  for  some  years  to  measure  the  thermal  expansion  of 
graphite  and  Collins's  apparatus  is  an  example.  He  uses  30  cm  long  samples  and  obtains 
a  reprtducibility  of  the  length  measurement  of  1  «  10*'  mm.  This  corresponds  to  1%  of 
the  total  change  in  length  of  a  specimen  which  is  heated  from  1000°C  to  2500°C. 

?.)>..')  X-ray  Techniques 

Lattice  expansion  can  be  measured  directly  by  means  of  high  temp  rature  X-ray 
techniques.  Systems  using  films  as  well  as  direct-reading  arrangements  are  employed. 
Before  detailed  consideration  of  the  systems,  the  relalion  between  lattice  expansion 
and  bulk  expansion  must  be  discuased. 

For  isotropic  non -porous  materials  an  agreement  between  lattice  expansion  and  bulk 
expansion  can  be  expected.  Kirby  (Vis.  39)  has  compared  his  latent  Measurements  of 
thermal  expansion  of  platinum  up  to  1000°C  with  the  X-ray  data  of  Edwards.  Speiser  and 
Johnston  (Lit.  76)  anti  found  good  agreement.  On  the  contrary  there  is  disagreement 
betreen  lattice  expansion  and  bulk  expansion  of  graphite  (cf.Llt.77.  76'  and  differences 
ran  be  expected  with  alloys,  too. 

High  temperature  X-ray  rwewfch  is  undertaken  at  the  following  establishments. 
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2. 6.5.1  VCC  Research  Laboratories,  Parma  (Vis. 44) 

These  laboratories  use  a  Debye-Scherrer  technique.  The  specimens  may  be  heated 
indirectly  or  directly.  When  the  electrical  conductivity  of  the  sample  does  not  under¬ 
go  marked  changes  during  prolonged  heating,  the  direct  method  is  used.  In  other  cases 
heating  is  by  radiation  of  the  sample  from  tungsten  or  tantalum  strips.  In  addition  a 
graphite  heater  tube  can  be  used  to  achieve  higher  temperatures. 

The  upper  temperature  limit  is  the  melting  point  of  the  specimens,  which  are  directly 
heated.  Indirect  heating  can  be  used  up  to  2400°C.  An  accuracy  of  ±0. 1%  in  the 
measurement  of  the  lattice  parameters  is  claimed. 

2.6.5.  2 

SNEQ1A  (Vis. 4,  Lit. 79)  has  developed  a  high  temperature  X-ray  technique  with  a  very 
strong  heating  system,  using  a  U-shaped  tantalum  heater.  This  chamber  will  work  up  to 
2350°C.  Systematic  research  on  the  refractory  metals  and  oxides  is  in  hand. 


Karlsruhe  (Vis.  12B)  is  studying  the  lattice  expansion  of  several  graphites  up  to 
1500°C  with  different  chambers  (Lit. 78). 

2.6.6  Summary  on  Thermal  Expansion 

As  mentioned  in  the  Introduction,  the  measurement  of  thermal  expansion  at  high 
temperatures  is  not  as  difficult  as  that  of  thermal  conductivity,  because  optical  as 
well  as  X-ray  methods  can  be  used.  The  interferometric  methods  are  the  most  precise. 
However,  because  of  the  lack  of  transparent  materials  for  high  temperatures  their 
application  is  usually  limited  to  temperatures  below  1000:>C;  by  using  expensive 
sapphire  optics  they  can  be  operated  up  to  1500°C.  Push -rod  systems  can  be  used  up 
to  2700°C  with  appropriate  construction  materials.  However,  in  general  they  are  not 
very  precise.  Baud r on' s  modification  is  only  rarely  used.  The  latest  twin-microscope 
methods  give  very  precise  values;  sensitivity  in  length  measurement  of  2  *  10' 3  mm  for 
samples  100  mo  long  has  been  achieved. 

The  possibility  of  replacing  methods  measuring  bulk  thermal  expansion  by  X-ray 
methods  should  be  investigated.  As  a  basis  for  theoretical  considerations,  the  X-ray 
methods  should  be  used. 

Table  XIV.  on  p.99,  lists  institutions  which  use  optical  and  X-ray  methods. 

2.7  Measurement  of  Electrical  Properties 

As  outlined  in  Section  5  it  is  also  necessary  to  measure  metrical  properties  nuch 
as  the  electrical  resisti-ity  and  the  doebeck  coefficient,  as  functions  of  temperature 
aa  well  as  the  residual  resistance  for  theoretical  L'tsesaaent  of  experimental  results 
on  thermal  conductivity. 

Thu  electrical  resistivity  is  composed  of  a  term  arir.lng  from  the  electron-lattice 
Interactions  and  a  term  dependent  on  imperfect  tons.  The  first  term  is  dependent  on 
the  temperature  and  dominates  at  higher  temperatures .  This  intrinsic  electrical 
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resistivity  is  used  in  relation  to  the  thermal  conductivity,  expressed  by  the  Wiedenann- 
Franz-Lorenz  law.  The  second  term  is  independent  of  the  temperature,  becomes  important 
at  very  low  temperatures  and  is  called  the  residual  resistivity.  It  i3  a  measure  for 
the  impurity  level.  In  practice,  instead  of  using  the  residual  resistivity  directly, 
the  ratio  of  resistance  at  room  temperature  to  that  at  liquid  helium  temperature  (4.2°K) 
is  used.  This  minimises  extraneous  factors  in  the  measurement  such  as  sample  geometry 
and  shape  (Lit. 80)  and  effects  due  to  anisotropy. 

The  Seebeck  coefficient  is  used  for  calculation  of  the  theoretical  Lorenz  number, 
which  is  necessary  to  separate  the  total  thermal  conductivity  into  an  electronic  and 
a  lattice  portion. 

It  seems  to  be  very  important  that  these  electrical  properties  should  be  determined 
on  the  specimen  whose  thermal  properties  are  measured.  It  should  be  recomnended  that 
all  establishments  engaged  in  measuring  thermal  conductivity  should  measure  these 
electrical  properties  simultaneously  (Vis. 25,  38,  41). 

2 .7.1  Measurement  of  Electrical  Resistivity 

Electrical  resistivity  can  be  determined  by  methods  based  on  Ohm’ 3  law  or  by 
measuring  the  inductive  resistance  with  alternating  current.  The  latter  method  is  not 
suitable  for  very  accurate  results  or  for  measuring  the  temperature  dependence  at  high 
temperatures.  They  are  mentioned  at  the  end  of  this  section. 

If  specimens  of  well-defined  shape  like  rods,  tubes  or  filaments  are  available  the 
voltage  drop  method  can  be  used.  This  is  especially  suitable  for  methods  with  direct 
heating  at  high  temperatures.  For  sucu  arrangements  see  Lit. 80  and  81. 

An  accuracy  of  about  ±0.1%  up  to  1100°C  (Lit. 25)  is  claimed,  in  which  the  largest 
contribution  to  the  error  arises  from  the  uncertainty  of  the  cross-sectional  area. 

The  electrical  resistivity  has  b  measured  on  metals  up  to  2500°C  in,  for  example, 
the  GEC  laboratories  (Vis. 33).  Resu.ts  on  solyhdenum  and  on  the  independence  of  grain 
structure  and  grain  size  are  reported  in  Lit.  11. 

The  electrical  resistivity  of  graphite  has  been  measured  up  to  2S0G°C  by  UcClelland 
(Lit. 3),  sho  includes  a  discussion  of  the  experimental  difficulties. 

To  avoid  difficulties  arising  from  the  requirement  of  well-defined  shapes  for  the 
specimens,  the  newly  developed  measuring  methods,  generally  employed  in  the  field  of 
semi-conductors  can  be  used.  The  so-called  "four-point  potent ial -drop  technique”  can 
use  specimens  of  unknown  dimensions,  provided  they  are  large  enough,  with  resect  to 
the  probe  spacing,  to  be  assumed  as  infinite  (Lit  .80  and  81) 

The  four  prober  are  arranged  in  one  line  and  the  tips  are  pressed  against  the 
sample.  The  current  is  passed  between  the  outer  two  probea.  and  t  ie  voltage  ia 
measured  betwsen  the  Inner  two.  The  resistivity  j»  given  by 
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where  l  is  the  spacing  between  each  pair  of  adjacent  electrodes,  E  is  the  voltage 
and  I  is  the  current. 

Probes  with  very  saall  spacings  can  be  made.  The  contacts  can  be  of  0.07  on  (0.0003 
in.)  diameter  tungsten  wires  with  sharp  points,  and  the  spacing  l  can  be  0.02  on. 

No  discussion  on  the  accuracy  for  specimens  of  highly -conducting  materials  or  on  the 
upper  temperature  limit  could  be  found  in  the  literature. 

The  residual  resistivity  at  the  temperature  of  liquid  helium  by  this  "four- con  tact 
potential-drop  method”  was  measured  by  Veisberg  (Lit. 80)  for  similar  specimens  with  a 
precision  of  a  few  percent  using  a  nanovoltmeter  (sensitivity  10“ 9  V). 

For  semi-conductors  a  precision  of  only  10%  is  claimed. 

As  already  mentioned,  the  electrical  resistivity  can  also  be  measured  by  alternating 
current  methods  without  contacting  the  specimen.  The  measurement  is  based  on  the 
determination  of  the  change  of  either  the  mutual  inductance  between  two  colls  or  the 
impedance  of  one  coil  when  the  specimen  is  placed  in  the  centre  of  the  coil  (Lit. 117, 
118),  These  methods  are  less  accurate  than  the  methods  using  direct  current  (Lit. 80) 
described  earlier.  They  are  therefore  only  used  when  current  and  potential  leads 
cannot  be  attached  to  the  specimen  or  when  its  size  and  shape  are  unsuitable  for  the 
direct  current  method. 

Such  methods  are  widely  used  for  determination  of  the  homogeneity  of  large  specimens, 
as  for  example  in  the  US  Air  Force  standard  programme  for  thermal  conductivity  (Vie.35). 

2.7.2  Measurement  of  the  Seebeck  Coefficient 

The  differential  thermoelectrical  power  with  dimension  [aiV/°c]  between  a  pair  of 
metallic  conductors  is  called  the  relative  Seebeck  coefficient.  Using  a  reference 
nets)  with  known  absolute  Seebeck  coefficient,  the  absolute  Seebeck  coefficient  of  the 
measured  material  can  be  calculated  by  subtraction.  Generally  platinum,  employing  the 
absolute  Seebeck  data  gl/en  by  Cusack  and  Kendall  (Lit. 97),  is  used. 

The  experimental  arrangement  is  combined  with  the  electrical  resistivity  measure¬ 
ments.  using  direct -boated  specimens  and  an  additional  indirect  heater  on  the  thermal 
insulation,  providing  a  temperature  gradient  of  some  degrees  '  Via.4!,  Lit. 82). 

The  Seebeck  coefficient  can  be  determined  ’airly  accurately.  Laubitz  (Via. 25, 

Lit. 25)  gives  a  maximum  accuracy  of  tO.  I  »V/°C,  which  Is  about  iO.4%  up  to  U00°C. 

McElr  y  (Vie. 41.  Lit. 82)  claims  an  absolute  error  of  iO.9%  up  to  1000°C. 
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3.  LISTS  OP  VISITS  AND  BIBLIOGRAPHY 
3.1  List  of  Establishments  Visited 

nils  section  sumarlses  visits  made  to  various  establishments  as  follows: 

(a)  Scientists  contacted  during  the  visits. 

(b)  Main  field  of  interest  of  the  institution  in  relation  to  this  AGARD  project. 

(c)  Equipment  for  studying  tbermophystcal  properties. 


EUROPE 

Vis. No. 

Belgium 

1.  SERAI  Socl&l  d’ Etudes,  de  Recherches  et  d’  Application  pour 

1’  Industrie, 

Bruxelles.  1091  Chaussee  d*  Alseoberg. 

(a)  W.R.Ruston,  Or  E.Votava. 

(b)  Basic  research  on  direct-beating  methods  for  thermal  con¬ 
ductivity  measurements  projected. 

(c)  X-ray  equipment  for  high  temperatures,  standard  equipment  for 
metallurgical  research. 

France 

2.  IRSID  Institute  de  Recherches  de  la  Sld^rurgie  Prancais, 

St. Oermain-en-Laye,  185  Rue  President  Roosevelt. 

(a)  C. A. Constant,  Prof.  Dr  Kozakevich,  Dr  G.Urbain,  Dr  Lukas. 

(b)  Testing  of  metallic  materials  at  high  temperatures.  Basic 
research  oa  liquid  metals  and  cn  the  transition  from  the  solid 
to  tho  liquid  state. 

,'c)  a:  (push-rod,  Adsmel)  up  to  1000°C. 
c:  (drop  calorimetry). 
p:  up  to  1400°C  (projected). 

3.  ONERA  Office  National  d’ Etudes  et  de  Recherches  Aerospstiales, 

Chatillon-sous-Bagneux  (Seine).  29  Avenue  de  la  Division 
Leclerc. 

(a)  J.Poullgnler.  M.  Llgnon,  M.  Ourot. 

(b)  Sasic  and  applied  research  in  Co  and  Nb  alloys,  carbides  and 
coatings. 

(c)  o:  (push-rod),  c.p.  thermo-anal:  sis. 
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Vis. No. 

France  (continued) 

4.  SNECMA  Soclete  Natiouale  d’  Etude  et  de  Construction  de  Moteurs 

d'  Aviation,  Usine  de  Suresnes, 

92  Suresnes,  22  Qual  Gallieni. 

(a)  M.  Wei lard,  R. Deimas. 

(b)  Testing  of  high  temperature  materials,  such  as  tungsten, 
graphite,  carbides  and  oxides. 

(c)  K  :  (comparative  methods)  up  to  2000°C. 
a:  (periodic  arc  image). 

c  :  up  to  1000°C. 
a:  (X-ray)  up  to  2850°C. 
p  :  up  to  1800°C. 

5  Sud-Aviation  Societe  Nationale  de  Construction  A^ronautique, 

Division  Engine  Spatial  et  Elect ronique, 

92  Courbevoie,  55  rue  Victor  Hugo. 

(a)  G.Kamoun. 

(b)  Testing  of  high  temperature  materials  (tungsten,  graphite, 
beryllium). 

(c)  \  :  (direct  heating,  Kohlrausch)  up  to  2000cC. 
a  :  up  to  750°C. 

a:  (push  rod)  up  to  1500°C. 
c  :  (drop  calorimetry)  up  to  2400°C. 
e  :  (total) . 

Germany 

6.  DEVI  Deutsche  Edelstahlwerke  AG,  Central  laboratonum, 

415  Krefeld,  Oberschlesienstrasse  16. 

(a)  Prof.  Dr  K  Bunsardt.  Dr  I  Spyra. 

(b)  Development  and  testing  of  alloy  steels  for  high  tempers! vires. 

(c)  (longitudinal  apparatus)  up  to  100°C 
(longitudinal  comparative  method)  up  to  700°C. 

a:  (push-rod)  up  to  1000°C, 

7.  Euratom  Eura'oa  Institut  fur  Transurane, 

Kern forschungazent rum  Karlsruhe-Leopo’.dshafen. 

7501  Leopold  shafer.. 

(a)  Dr  H. E. Schmidt 

(b)  Studies  on  thermal  conductivity  at  high  temperatures  (U0;.  PuO,. 
refractory  metals). 

(O  \  :  (method  of  compensated  flux)  up  to  1000°C. 
a:  (electron  beam),  no  temperature  limit. 
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Vis. No. 

Germany  (continued) 

8.  Kernfor- 
schungs- 
zentrum, 

Karlsruhe  ^ 

(b) 

(c) 

9.  Krupp 

(a) 

(b) 

(c) 

10.  PTB 

(a) 

(b) 

(c) 


11.  TH  Aachen 

(a) 

(b) 

( c> 


Institut  fiir  Material-  und  Fastkorperkunde, 
Kernforschungszectrua  Karlsruhe-Leopoldshafen. 

7501  Leopoldshafen. 

Prof.  Dr  F.Thiimmler,  Dr  Ondratschek,  Dr  E.Patrassy. 

Development  of  nuclear  fuels,  based  on  oxides; 
powder  metallurgy. 

K  :  (radial  method)  up  to  2000°C 

(longitudinal  method)  in  development. 

Friedr.  Krupp,  Widia-Fabrik,  Ver^uchjanstalt, 

43  Essen  1,  Munchner  Strasse  125/127. 

Prof.  Dr  0.  Rudiger,  Dr  J.Hartwig,  Dr  W. Michel 

Development  and  testing  of  high  melting  carbides  at  high 
temperatures. 

K  :  (longitudinal  apparatus)  up  to  1000°C. 

Physikalisch- Technische  Bundesanstalt, 

33  Braunschweig,  Bundesallee  100. 

O'  U. Schley,  Dr  K.H.Bode,  Dr  P. Rahlfs,  Dipl.Phys.H.Kunz. 

Calibratiug  of  measurement  technlc’es  of  tharaophyslcal 
properties;  control  of  standards  for  thermal  conductivity: 
development  of  new  methods  for  the  determination  of  thermo 
physical  properties. 

\  :  ( longitudinal  apparatus)  up  to  500°C,  for  plates  up  to 
300QC. 

(longitudinal  comparative  method)  roc*  temperature. 

(direct -heating  rnetnod)  up  to  1100°C. 
a:  (push-rod)  up  to  1000°C. 
f  :  from  -180°C  up  to  2000°C. 

T:  (recording  pyrometer)  in  development. 

Institut  fiir  ferkstof fkurde.  Rheinlsch-festfal ische  Technische 
Hochschule,  Aachen. 

Prof.  Dr  f.  Soilenrath.  Dipl. Phys.H.K. Evers. 

Applied  research  on  tbemcphysical  properties  of  high  tempera¬ 
ture  materials  as  a  basis  for  solving  aeronautical  enginesrtng 
problem*. 

a  (flash  or  electron  gun)  being  planned. 


12A.  TH  Karlsruhe  Institut  fiir  angewandte  Physik, 

Technische  Bochschule.  Karlsruhe, 
75  XarUruhn.  Xaiserstraase  S3. 


I 


is)  Prof.  Dr  F. Stockmann.  Dr  U.Birkhols. 

(b>  3s*>c  research  in  solid  str.te  physics,  especially  semi -conduct ora. 
tc)  a  :  (Angstrom  method)  up  to  600 l‘C. 
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Vis. No. 

Germany  (continued) 

12B.  Hi  Karlsruhe  Institut  fur  Cbealsche  Technik, 

Technische  Hochscbule  Karlsruhe, 

75  Karlsruhe,  Kaiserstraase  12. 

(a)  Prof.  Dr  E.Fltzer,  Dr  K.Huttisger,  Dipl.Cbem.H.Boder. 

(b)  Applied  research  oo  high  temperature  aaterials;  development  of 
artificial  graphites,  silicides,  borides,  composites,  coatings. 

(c)  K  :  (comparative  method)  room  temperature, 
a:  (cooling-don  method)  up  to  1000°C, 
a:  (push-rod)  up  to  1800°C 

(X-ray)  up  to  1500°C. 

13.  Uni  Koln  Institut  fur  theoretlsche  Phyaik, 

Universitat  Koln. 

(a)  Prof.  Lange,  Dr  R.Koblhaas. 

(b)  Basic  research  in  thermal  and  magnetic  properties  of  metals 
and  allays  up  to  their  melting  temperaturee. 

(c)  K:  (longitudinal  aethod)  up  to  100°C 

(radial  method)  up  to  1000°C. 
c  :  (quasl-adiabatlc  calorimeter)  up  to  1500°C. 

Italy 

14.  CNRN  Concilia  Nszionale  delle  Ricerche  Nuclear! 

Casaccia,  Roma,  Via  Anguillarese. 

(a)  Ing.  Prartso,  Dr  S.Morretti,  Dr  Pizzotti,  Iug.Blanci, 

Ing.  Evangel 1st 1. 

(b)  Applied  research  on  nuclear  aaterials,  vanadium  alloys,  steels. 
U02;  heat  transfer  between  oxides,  steels  and  moltea  metals. 

(c)  A. :  (of  molten  metals)  up  to  1000°C. 
a  :  (Xe-flaah)  up  to  1500°C. 

a:  (push-rod,  Adame  1, . 


15.  CMt 


16.  Kura  tarn 


Concilio  Nszionale  deile  Recerche 
Oruppo  di  Recerche  sulJa  Technologi*  del 
material!  non  tredit tonal i 
Milano,  P.  le  Rodolfo  Morandi,  2. 

(a)  Prof.  Dr  Ing.F.Oatto. 

(b)  Applied  research  oo  high  temperature  materials  and  coatings. 

(c)  a:  (push-rod)  up  to  15C0°C. 

CCR  lepra.  Servlcio  Chtmlco  Plslco. 

(a)  Ing.C.Mustacchl.  S. Giuliani. 

(b)  Measurement  of  thermophysical  properties  of  resctor  materials. 
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Vis. No. 

Italy  (continued) 

Euratoa  (c) 

(continued) 

17.  FIAT 

(a) 

(b) 

(c) 

18. 

<*) 

(b) 

(c) 


United  Kingdom 


18. 


(a) 

<b) 

(c) 


(a) 

(b) 

( c ) 


k  :  (longitudinal  method)  up  to  600°C 
(radial  outflow  method)  500  -  1000°C 
(cooperative  method)  rooa  temperature, 
a:  (electron  gun)  no  temperature  limit. 
p  :  up  to  1700°C. 

Central  Laboratory,  Sezlone  energia  nucleare 
Torino,  Corso  G.  Agnelli  200 

Prof.  Dr  J.i.  i.^csti.  Dr  C.P.Galotto,  V.Oallina,  N.Ominl, 

Dr  Rosatelli,  Dr  I. Amato,  Dr  Q.Prigerlo. 

Basic  research  in  solid-state  physics  and  metallurgy,  applied 
research  and  development  of  nuclear  materials,  testing  of 
engineering  materials. 

a:  (push-rod.  Netzsch)  up  to  1500"-. 

Istituto  Termoaetrtco 
Torino,  Via  delle  Acacie.t 

Dr  G.Ruffino. 

Calibration  of  temperature  measurements,  development  of  new 
pyrametric  instruments. 

a :  ( interferometric)  90°  -  273°K. 

T:  (recording  pyrometer)  under  development. 


British  Ceramic  Research  Association. 

Physical  Measuresents  Section. 

Queens  Road,  Stoke-on-Trent,  England. 

P  Popper,  D.  B. Binns. 

Developing  and  testing  of  ceramic  naterials. 

K:  (longitudinal  comparative  method)  up  to  400°C. 
a  :  (Xe-flash;  room  temperature, 
c  :  (drop  calorimetry)  up  to  1000aC. 
a:  (push-rod.  Baudron  dllatometer)  up  to  1000°C. 

Clarendon  Laboratory.  University  of  Oxford. 

Department  of  Physics.  Parks  Road.  Oxford,  England. 

Dr  R. Berman 

Basic  research  in  thermal  conductivity  of  non-metal  lie  material 
at  very  low  temperature*. 

1  (longitudinal  method)  at  temperatures  of  liquid  and 
solid  He  up  to  90°X. 

c  :  (drop  calorimetry)  in  the  range  of  very  low  temperatures. 
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Vis. No. 

United  Kingdom  (continued) 

21.  GBC  Genertl  Electric  Company, 

Hirst  Research  Centra.  Wembley,  Middlesex.  England. 

(*)  H.f.  Davidson ,  H.H.W.lcsty,  M.  I.  Wheeler. 

(b)  Basic  and  applied  aaterlals  research  for  electrical  and  nuclear 
application,  development  o'  a  diffuslvity  apparatus  using 
electron  bombrTdmen: . 

(c)  a  :  (electron  bea«)  fro*  300°C,  no  upper  Halt. 

22.  NPL  National  Physical  Laboratory,  Teddlngtoc,  Middlesex,  England. 

Metallurgy  Division,  Division  of  Applied  Physics, 

Standards  Division. 

(a)  Dr  Hopkins,  Dr  O.Kubaschewski,  C.R.Barber,  Dr  T.Quinn,  W.  A.  Dench. 

(b)  Calibration  of  standards;  development  of  aeasureaent  techniques; 
thermochenical  research. 

(c)  a.  ;  this  department  is  closed. 

c  :  (adiabatic  calorlmeic')  up  to  1500°C, 

T :  (recording  pyrometer)  under  development. 

23.  Bath  University  of  Technology,  School  of  Physics, 

Ashley  Doro.  Bristol  7,  England. 

(a)  Prof.  S.H.Ayllffe,  Dr  H. I.Goldsnid. 

(b)  Basic  research  on  thermal  conductivity  of  semi-conductors  and 
thermos lectr leal  alloys;  studies  of  the  change  of  thermal 
conductivity  with  magnetic  field  (MaMl-Rlghi-Leduc  effect). 

(c)  K:  (longitudinal  method)  from -M°C  to  +400°C,  magnetic  field 

up  to  10,000  gauss, 

a:  (laser  flash)  up  to  1200°C  (In  collaboration  mlth  flndscaie 
(Reactor  Development  laboratories,  flndscaie,  Sellafleld, 
Seascale,  Cumberland)). 

24.  University  of  tales.  Department  of  Physics, 

Singleton  Park.  Beacset,  tales. 

(a)  Dr  M.  R. Hopkins 

(b)  Basic  research  cm  thermal  and  electrical  properties  of  metallh- 
materials  in  solid  atate  and  during  melting;  thermal 
conductivity  in  semi-conductors. 

(c)  A.  ;  (direct -heating)  no  temperature  limit. 

*? :  no  temperature  limit. 


Vis. No. 


AMERICA 


Canada 

25.  NRC  National  Research  Council,  Division  of  Applied  Physics, 

Montreal  Road,  Ottawa,  Ontario 

(a)  Dr  H.Preston-Thomas.  Dr  M. I.Laubltz,  Dr  R.E.Bedford. 

(b)  Basic  research  on  thermal  conductivity  of  aetals; 
temperature  measurements. 

(c)  (longitudinal  and  Forbes  bar)  up  to  1000°C. 

p:  (residual  electrical  resistance  at  4°K)  up  to  1000°C. 
8:  up  to  1000°C 

T  development  of  high  temperature  the.uocouplea. 

United  States 


26.  Aerospace  Corporation,  Materials  Sciences  Laboratory, 

2400  El  Segundo  boulevard,  Los  Angeles,  California. 

(a)  I. D. McClelland,  Dr  J  rasper,  E.H.Zehas,  I. Richardson,  Mr  Wclten. 

(b)  Materials  research  for  aerospace  purposes;  thermophysical 
properties  of  graphite  at  very  high  temperatures. 

(c)  a  :  (Kasper*  s  periodic  re-radiatiia  te  unique)  up  to  2800°C. 

(X-rar)  up  to  1500°C. 

27.  AF8C  Air  Force  Materials  Laboratory. 

Materials  taglnserlng  Branch, 

Wright -Patterso  Air  Force  Base,  Ohio,  45433. 

(a)  A.M. Lovelace.  M.L.Mlngea,  G  L. Denman.  Mr  Stevenson. 

(b)  Basic  and  applied  research  on  materials  for  aerospace  appli¬ 
cation.  Sasic  research  on  heat  transfer  and  the  influence 
of  roughness. 

(c)  V.  ;  (radial  inflow  apparatus)  up  tc  2300°C 

<gaiT  ied  hot-plate)  up  to  15©S°C. 
a;  (laser  flash)  up  to  2500°C. 
a:  (optical  matbodl  up  to  2300°C. 

«  :  laser  source  integrating  sphere  ref lsctometer.  up  to  2S005C, 
accuracy  -  IB;  ellipaoidal  mirror  reflectometer,  only  at 
room  temperature,  centre  post  technique  and  <fc>ep  cavity 
technique  for  determination  of  the  total  emittanee  up  to 
2000 

2g.  AI  Atomics  Inte'natlasa'i,  h*«*er<*  Cm,m.  an  me**iiur*y 

Solid  State  Physics  and  Metvrial  Science. 

P.O.Box  900,  Canoga  Park,  California. 

(a)  K. V.Kleber.  MM  Kafcata,  R-A.Finch.  C.ASsith,  C.C.Weeka. 

(b)  Basic  and  applied  research  cm  nucluar  matorUle,  especially 
Zr-hydridea  and  U-oxidea. 
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Vis. No. 

United  States  (continued) 

AI  (c)  X:  (radial  Inflow  apparatus)  up  to  2700°C. 

(continued)  p  :  (laser  flash  Method  (Cape  and  Lahmann))  up  to  1800°C 

(transient  radial  inflow  method)  up  to  2500°C. 
c  :  (drop  calorimetry)  up  to  1650°C 
receiver  750  -  800°C 
hydrogen  pressure  apparatus 
(pulse  calorimeter)  no  temperature  limit, 
a:  (optical)  up  to  3000°C. 

29.  Battelle  Battelle  Memorial  Institute,  Columbus  Laboratories, 

505  King  Avenue,  Columbus,  Ohio. 

(a)  D.Dingee,  J.P.  Lagedrost,  R.  McCann,  C.  F.  Lucks. 

(b)  Con *  act  research  in  measuring  therjophysical  properties. 

(c)  X  :  (longitudinal  comparative  method)  up  to  850°C 

(self-guarding  disc  method)  up  to  1800°C 
(radial  inflow  metho  )  up  to  2500°C. 
a:  (laser  flash)  up  to  2000°C. 
c  :  (drop  calorimetry)  up  to  2000°C. 
a:  (push-rod  method.  Si02  and  graphite). 
e  :  (total  eminence)  up  to  2000°C. 


30.  Sixth  Conference  on  Thermal  Conductivity,  Dayton,  Ohio,  October  19  -  21,  1966. 
(Only  the  scientists  not  mentioned  in  a  separate  Vis. No.  are  listed  here.) 


(») 

(b) 

(c) 

P.G.Klemens 

University  of  Connecticut. 
8torrs, 

Connecticut 

Basic  research  in 
solid  state  physics 
and  transport 
bo  chari  sas. 

C.E.  Moeller 

Midwest  Research 

Institute, 

425  Volker  Boulevard, 

Kanaas  City  10 

Measurements  of 
thermal  conductivity 
at  high  temperatures. 

X  : 

radial  outflow 
apparatus  up 
to  2700°C. 

M.Hoch 

Ohio  State  University. 
Department  of  Chemistry, 
Coitaibus,  Ohio 

Basic  research  In 
thermal  conductivity 
measurement  at  high 
temperatures 

X  : 

steady-state 
method  using 
direct  heating 
up  to  2800 °C. 

B.H.Morrlaon 

Loe  Alamos  Scientific 
Laboratories, 

Box  1663  NU,  Los  Alamos, 

New  Mexico 

rngwunw  '« •  w— in'.mr »» wibiju m*  u i  wj'i'in*— 
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Vis.  No, 

United  States  (continued) 


31.  Dynatech 


32.  GA 


33.  GEC 


34.  JPli 


Dynatech  Corporation,  17  Tudor  Street, 

Cambridge,  Massachusetts  02139. 

(a)  R.P.Tye,  L.C.Hoagland. 

(b)  Development  and  production  of  apparatus  for  measuring  thermo- 
physical  properties. 

(c)  \  :  (radial  outflow)  up  to  2700°C 

(radial  inflow)  in  development,  now  up  to  900°C 
(longitudinal)  up  to  1000°C 
(hot  plate  method), 
c  :  (drop  calorimetry)  up  to  12C0°C. 
a:  (push-rod,  Netzsch)  up  to  1000°C. 

General  Atomic  Division,  General  Dynamics  Corporation, 

Research  Department,  Metallurgical  Department, 

San  Diego,  California  92112. 

(a)  Dr  V.L.  White,  M.T.Simnad,  C.L. Meyers,  Dr  W.C.  Boleros,  G.b.  Engle, 
W.V.Goeddel. 

(b)  Basic  and  applied  research  in  reactor  materials,  especially 
graphite. 

(c)  \  :  up  to  1000°C. 

a:  (push-rod.  X-ray). 

General  Electric  Company,  Nuclear  Material  and  Propulsion 
Operation  Materials  Evaluation  and  Analysis. 

Cincinnati.  Ohio  45215. 

(a)  W.E.Niemuth,  J.B.Conway,  Mr  Flagella,  A.D.Feith, 

R.C.Kuhlmann. 

(b)  Sasic  research  on  ceramic  nuclear  fuels  and  refractory  materials. 

(c)  \  :  (radial  outflow)  up  to  2509°C. 
a  :  (loser  flash)  up  to  1000°C. 

a:  (optical  mothod)  up  to  2500°C. 
c  :  (drop  calorimetry)  up  to  2500°C. 

T  :  (thermocouples)  up  to  2300°C. 

Jet  Propulsion  Laboratory.  California  Institute  of  Technology, 
4800  Oak  Grove  Drive,  Pasadena,  California  91103. 

(a)  D.  B.Flschbach.  M.H.  Leipold. 

(b)  Research  on  graphite  and  refractory  ceramics. 

(c)  o:  (optical)  up  to  2000°C 

(X-ray)  up  to  1500°C 
(push-rod)  up  to  1000°C. 
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Vis. No. 

UniteH  States  (continued) 

35.  A.D.Little  A. D. Little  Incorporated, 

20  Acorn  Park,  Cambridge,  Massachusetts  02140. 

(a)  H. McMahon,  Dr  Glaser,  A.E. Vechsler. 

(b)  Devolopaent  and  production  of  cryogenic  equipment,  contract 
research  in  thermophysical  properties,  coordinator  of  the 
USAP  programs  for  high  temperature  standards  for  thermal 
conductivity. 

(c)  \  :  (longitudinal)  in  development 

(radial  outflow  apparatus)  up  to  2700°C. 

36.  Lockheed  Lockheed  Missiles  and  Space  Compeiy,  3251  Hanover  Street, 

Building  205,  Palo  Alto,  Califorcle. 

(a)  R.Perkins,  0. R.Cunnington,  J. Smith,  Mr  Bragg,  A.J.Funal, 

Dr  Goetzel. 

(b)  Applied  research  on  materials  for  aeronautics. 

(c)  \ :  (radial  inflow  apparatus)  up  to  2?00°c 

(guarded  hot-plate  method)  up  to  500°c 
(longit.  itnal  comparative  method)  up  to  500°C. 
a :  (Xe  flash;  up  to  800°C 
(laser  flash)  up  to  2400°C. 

37.  MIT  Massachusetts  Institute  of  Technology, 

Cambridge,  Massachusetts  02139. 

A.  Heat  Transfer  Laboratories 

(a)  Prof.  V.M. Rohsenow, 

(b)  Research  on  heat  transfer. 

(c)  Measurements  of  thermophysical  properties  in  collaboration  with 
Dynatech  (Vis. 31). 

B.  Laboratory  for  Material  Science 

(a)  Prof.  f. D. Kinger- 

(b)  Research  in  ceramics.  No  further  interest  in  theraophysical 
properties  of  refractories. 

36.  NB8  National  Bureau  of  Standards,  Cryogenic  Division. 

Boulder.  Colorado  80302. 

(a)  R.L. Powell. 

(b)  Basic  research  in  low  temperature  thermal  conductivity, 
calibration  and  development  of  standards. 

(c)  \:  (longitudinal  apparatus,  floating  beat  sink)  4°K-300°K. 
p  .  8  :  at  low  temperatures. 
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Vis. No. 


United  States  (continued) 


39.  NBS 


40.  NBS 


f 


National  Bureau  of  Standards. 

Gaithersburg,  Maryland. 

A.  Length  Section 

(a)  R.K. Kirby 

(b)  Measurement  of  thermal  expansion,  collection  of  data. 

(c)  a:  (optical  method)  up  to  1800°C 

(interferometric  method)  up  to  1000°C. 

B.  Office  of  Standard  Reference  Data 

(a)  Dr  E.R. Johnson. 

(b)  Collection  of  thermodynamic  and  transport  data. 

(c)  No  experimental  work. 

National  Bureau  of  Standards, 

Washington,  DC,  2C234. 

Environment  Engineering  Section, 

Building  Research  Division,  IAT. 

(a)  D. R. Flynn. 

(b)  Basic  research  in  thermal  conductivity  up  to  1000°C.  Engineer¬ 
ing  measurements  of  thermal  conductivity  up  to  600°C. 

(c)  K:  (longitudinal  heat  flow  method  combined  with  necked-down 

direct-heating  method  in  one  apparatus)  from  100°C  up  to 
U00°C 

(longitudinal  apparatus  utilising  Forbes  bar  method)  two 
similar  apparatuses  with  a  combined  temperature  range 
from  - 180°C  up  to  850oC 

(longitudinal  apparatus)  from -180°C  up  to+50°C 
(absolute  cut  bar  apparatus)  from  100°C  up  to  1200°C 
(longitudinal  steam  calorimeter  apparatus'  from  200°C  up 
to  1400°C 

(guarded  hot-plate  apparatus)  from  0°C  up  to  60°C 
(guarded  hot  plate  apparatus)  from  -50°C  up  to  +300°C  in 
development. 


41.  ORNL 


! 


Oak  Ridge  National  Laboratory, 

Metals  and  Ceramics  Division. 

Oak  Ridge,  Tenneeaee  51831. 

(a)  D.L.iicRlroy,  W. Fulkerson,  R.K. Williams,  I. P. Moore.  T.O.Kollie. 

(b)  thermophyelcal  properties  of  reactor  and  refractory  materials. 

(c)  \  :  (radial  outflow  apparatus)  up  to  1000°C 

(radial  outflow  apparatus)  up  to  2200°C  in  development 
(longitudinal  apparatus)  -190°C  up  to  -80°C 
( longitudinal  apparatus)  up  to  lOO^C. 
c  :  (pulse  heating  method)  100-  1400°C. 
p  .  S  :  up  to  1000°C. 
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Vis. No. 

United  States  (continued) 

42.  SRI  Southern  Research  Institute, 

2000  Ninth  Avenue,  South  Birmingham,  Alabama. 

(a)  C.D. Pears,  C  M.Pyron. 

(b)  Contract  research  and  measurement  of  thermophysical  properties 
at  high  temperatures. 

(c)  k :  (radial  outflow  apparatus)  up  to  800°C 

(radial  inflow  apparatus)  up  to  3000°C 
(guaraded  hot  plate  method)  up  to  540°C. 
c  :  (drop  calorimet  ry)  up  to  2800°C. 
a:  (push  rod  method)  up  to  3000°C. 

€  :  from  400  up  to  2750°C. 

43.  TPRf'  Therraophjsieal  Property  Research  Center, 

West -Lafayette,  2595  Yeager  Road,  Indiana  47906. 

(a)  Prof.  Y.S.Touloukian,  R.W.Powell,  D.P.Dewitt,  C.J.Ho 

(b)  Collecting  of  literature  on  thermophysical  properties, 
selecting  most  probable  values,  experimental  control  of  the 
data  ot  thermal  conductivity. 

(e)  k:  (longitudinal  method)  -90°C  to  room  temperature 

(longitudinal  comparative  and  absolute  method)  from  50°C 
to  400°C 

(longitudinal  comparative  method)  from  200°C  to  1000°C 
(direct-heating  methods)  from  200°C  to  1000°C 
all  techniques  are  in  preparation. 

44.  UCC  Union  Carbide  Corporation,  Carbon  Products  Division, 

Parma  Technical  Center,  12900  Snow  Road.  Parma,  Ohio. 

(a)  J. ocwman,  W.W. Lozier,  J.Meers,  Mr  Rlttersbusch,  Mr  Weinard, 

Mr  Weber. 

(b)  Research  and  development  of  carbon  and  graphite  products. 
Thermophysical  studies  up  to  the  highest  temperatures. 

(c)  k:  (radial  inflow  method)  up  t»*  270C°C,  pressures  up  to  40  atm 

(direct-heating,  rectangular  bar  method)  up  to  2500°C 
(guarded  hot  plate  method)  up  to  500°C. 
a  :  (Xe  flash)  up  to  900°C 

(periodical  arc-image  method)  up  to  3000°C 
(cooling-down  method)  up  to  3000°C. 
a:  (interferometric  method) 

(X-ray)  to  TTOO^C 
(push-rod)  to  1000°C. 
p  :  up  to  2500°C. 


United  States  (continued) 


45.  University  of  Tenneeiee, 

Department  of  Chemical  and  Metallurgical  Engineering, 
Knoxville,  Tennessee. 

(a)  Prof.  Dr  EE.  Stans  bury. 

(b)  Basic  research  in  metallurgical  calorimetry. 

(c)  c  :  (adiabatic  calorimeter)  500  -  1000°C. 

46.  Wostinghouse  Electric  Corporation. 

Astronuclear  Laboratory, 

Thermophysical  Properties  Laboratory, 

Pittsburgh,  Pa. 15236,  Box  10864. 

(a)  P.S.Oaal. 

(fc)  Investigations  of  nuclear  fuels  and  structural  materials. 

(c)  K:  (comparative  cut  bar)  20  -  200°C 
(radial  outflow)  1000-2000°C. 
a:  (flash)  20°C. 
a:  (recording  push -rod) 

-200  to  +1000°C. 

(twin  microscopic)  for  testing  10  sampjes  concurrently, 
20  -  2700°C 

(interferometer)  -200  to  20°C. 
c  :  drop  calorimetry  to  600°C. 
p  :  -200  to  3000°C. 
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Review  of  Scientific  Instruments,  Vol.35,  1964,  p.1177. 

168.  Bedford,  R.E.  Reference  Tables  fcr  Pt/b0%  Rh  and  Pt/20%  Rh  Thermo¬ 
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4.  DATA  AVAILABLE  ON  THERMOPHYSICAL  PROPERTIES 

The  conclusion  of  tie  AGARD  Structures  and  Materials  Panel  during  the  22ni  session 
(see  also  Section  1. 1  of  this  report)  was  that  the  adequacy  of  published  data  for  a 
limited  number  of  ,v'erlals,  such  as  titanium  alloys,  heat-resistant  nickel  alloys, 
tungsten  and  graphite,  as  well  as  gold  and  platinum,  should  be  studied  and 
recommendations  for  further  study  should  be  made. 

As  shown  in  Section  1.3.3,  some  new  literature  exists  in  1ADC  Technical  Report 
58-476  (Lit.  83).  The  comprehensive  collection  of  the  TPRC  Rata  Sheets  on  Thermo¬ 
physical  Properties  (Lit. 84)  has  been  lss:.od  continuoucly  since  1962,  and  is  supple¬ 
mented  each  year.  In  addition  two  volumes  with  data  on  the  thermal  conductivity  of 
the  most  interesting  high-temperature  materials  (Lit. 85,  86)  have  been  published  by 
tne  seme  institution.  TV^e  publications,  sponn  •red  by  the  National  Bureau  of  Standards 
will  be  available  after  revision  within  the  National  Standard  Reference  Data  Scries 
from  ti.e  Superintendent  of  Documents.  IJS  Government  Printing  Office,  tashington. 

DC,  20402.  In  January  1967  the  first  voligse  was  published  as  NSRDS-NBS  8  (Category  5- 
Thermodynaaic  and  Transport  Properties),  wherein  the  thermal  conductivity  of  the 
following  metals  is  reported:  Al  (solid  and  liquid),  Cu.  Au,  Fe,  Kn,  Hg,  Pt,  Pt'Rh. 

Ag,  a  as  well  as  some  non-metaliic  materials,  such  as  A1.0,.  ReO,  borosillcste  glass, 
diamond.  MgO,  Pyroceram,  fused  and  crystalline  S10,,  TtO;  and  numerous  liquids  and 
gases  (Lit. 87). 
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A  new  comprehensive  data  collection  on  thermophysical  properties  of  high-temperature 
materials  has  recently  been  issued  by  Y.S.Touloukian  from  the  TPRC  and  it  replaces  the 
WADC  report  (Lit. 83),  which  has  become  out  of  date.  It  is  printed  by  the  McMlller 
Corporation  of  New  York,  and  is  commercially  available. 

4.1  Data  on  Ihermal  Conductivity 

In  the  following,  parts  of  the  two  cited  reports  of  the  TPRC  on  the  thermal  con¬ 
ductivity  of  selected  materials  are  discussed  in  more  detail.  The  first  one,  (Lit. 85), 
now  replaced  by  (Lit. 87),  deals  with  the  thermal  conductivity  of  the  metals  Al,  Cu, 

Au,  Fe  (pure  and  Armco),  Mn,  Hg,  Pt,  Pt/Rh,  Ag  and  W.  That  of  the  metals  Cd,  Co,  Pb, 

Mg,  Mo,  Ni,  Nb,  Ta,  Sn,  Ti,  Zn  and  Zr,  and  of  a  number  of  types  of  graphites  at'  well 
as  the  thermal  conductivity  of  some  gases,  is  simmarlsed  in  the  second  "eport  (Lit. 86). 

These  two  reports  contain,  not  only  the  complete  references  in  detail  and  diagrams 
of  all  these  data  as  functions  of  temperature,  but  also  a  recommendation  of  the  -ost 
probable  values.  Copies  of  the  diagrams  for  sone  of  the  materials  are  included  in  this 
section  as  a  basis  for  discussion  on  the  adequacy  of  the  available  literature  wi.hin 
the  framework  of  an  AGARD  specialist  group. 

The  following  elements  are  represented: 

Pure  metals 


Au  (gold) 

(Fig- 1) 

Cr  (chromium) 

(Fig. 2) 

Fe  (Armco  iron) 

(Pig. 3) 

Ni  (nickel) 

(Pig. 4) 

Pt  (platinum) 

(Pig. 5) 

Ti  (titanium) 

(Fig. 6) 

W  (tungsten) 

(Fig. 7) 

graphite 

(Pig. 8.  9) 

Non-metal: 


As  can  be  seen  from  the  diagrams  (Pigs. 1-9),  some  of  these  materials  such  as  Armco 
iron  (Pig. 3)  and  graphite  (Pig. 8)  have  been  studied  intensively,  while  on  other  metals 
only  single  values  are  available,  such  as  for  gold  at  temperatures  above  100°C  (Fig. I). 
It  can  also  be  seen  that  the  various  measurements  on  some  distinct  metals,  for  example 
on  Armco  iron  (Pig. 3),  agree  well,  while  on  others,  such  as  tungsten,  they  differ  so 
widely  that  they  are  not  comparable,  The  reason  for  these  differences  is  firstly  in 
the  incomparability  of  the  specimens  caused  by  their  different  quality  and  their 
inhomogeneity,  secondly  in  the  different  methods  of  measurement  and  finally  In  the 
differing  skill  and  care  of  those  carrying  out  the  measurements. 

While  the  collection  of  references  and  compilation  of  data  by  the  TPRC  is  universally 
acceptable,  recommendations  on  most  probable  values  differ  according  to  different 
specialists. 

It  is  Impossible  to  dispute.  In  principle,  the  arguments  of  the  crltlcr  that  the  TPRC 
recommendations  are  Influenced  too  much  by  subjective  Judgement.  (A  practical  example 
Is  the  thermal  conductivity  of  platinum,  which  seems  to  have  been  clarified  at  the 
last  conference  on  thermal  conductivity  (Vis. 31);  the  agreed  valu-»  differed  from  the 
values  recommended  at  this  time  (compare  Figure  13  with  Figure  3 > . ) 
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A  visit  to  the  ‘Ihermophyslcal  Properties  Research  Center  at  work,  and  discussion 
with  scientists  there,  gave  the  inpresslon  of  a  very  critical  selection  and  balancing 
of  the  individual  results  as  objectively  as  possible.  As  a  first  estimate  these 
recommended  values  are  very  useful  and  great  efforts  have  been  made  to  find  recommended 
values,  based  very  often  on  highly  unreliable  results.  But  for  fundamental  research,  the 
study  of  the  literature  referred  to  In  these  compilations  should  be  done  by  the  research 
scientist  himself  in  relation  to  his  special  problems.  The  collection  of  data  in 
Figures  1-9  shows  very  clearly  the  need  for  a  comprehensive  programme  of  collaboration 
and  fresh  comparisons  between  the  work  of  specialised  institutions  all  over  the  world. 

With  regard  to  measurement  accuracy,  it  seems  premature  to  discuss  in  detail  the 
thermal  conductivity  of  alloys,  because  the  thermal  history  of  the  specimens  is  an 
additional  source  of  error,  The  short  range  order  in  tho  area  of  solid  solutions  of 
Cr-Nl  alloys,  apart  from  segregations,  recrystallization  etc.  in  complex  high 
temperature  alloys  should  be  mentioned. 

Besides  these  American  efforts  in  collecting  data,  the  independent  data  collection 
in  the  well-known  Landolt-Bbrnsteln  book  should  be  noted.  The  chapter  on  thermal 
conductivity  was  written  by  K.H.Bode  (Lit. 88). 

4.2  Data  on  Thermal  Diffuslvity 

The  TPRC  data  sheets  on  thernophysical  properties  (Lit. 84)  have  so  far  included  the 
diffuslvity  of  the  following  materials: 

Metals:  Al,  Be.  Cr,  Mo.  Ni,  Pt,  Ta,  Ti,  ».  Zn. 

Alloys:  Ti/Mn,  Ti/Al,  Co/Cr,  Mi/Cr,  Ti/Nt. 

Non-Metals:  TiC,  TaC,  grsphite. 

A  further  up-to-date  collection  of  thermal  diffuslvity  data  appears  in 
Y.S.  Touloukian*  8  recent  book  on  ‘‘Thermophysical  Properties  of  High  Temperature 
Materials"  (Lit. 166). 

4.3  Data  on  thermal  Expansion 

Newly  revised  data  on  thermal  expansion  of  interest  to  the  Panel  are  given  in 
Y.f.Tojloukian’ s  book  (Lit. 166)  and  by  R.K.Mrhy  (Vis. 39,  Lit. 89). 

Therms'  expansion  data  are  cot  Included  in  the  TPRC  "Data  Sheets  oc  Thernophysical 
Properties". 

Many  experimental  results  in  the  study  of  the  thermal  expansion  of  refractory 
materials  have  come  from  Conway’s  group  (OEC.  Vis. 33,  Lit. 90).  For  example  Figures  10 
and  11  show  his  latest  roaults  In  which  an  analogous  behaviour  of  all  these  materials 
Is  shown. 

Accordlrg  to  Airby  (Vis.  39’'.  the  use  of  a  logarithmic  plot  of  expansion  versus 
temper*. ure  Is  uuestionnH*  since  thei*  Is  t»o  mason  to  expect  the  plot  to  be  linear. 
The  arv*  -ech  to  line-  >  -parently  due  to  the  fact  that  most  materials  expand 
about  th*  same  amount  .«  from  root  temperature  «■>  the  melting  point. 


The  bulk  theme!  expansion  of  graphite  bodies  is  a  special  problem.  It  has  been  shown 
in  several  papers  that  the  bulk  expansion  behaviour  is  not  connected  with  the  lattice 
expansions  (see  Figure  15  and  Lit. 78).  This  is  caused  by  anisotropy,  porosity,  bulk 
density  and  distortions  (see  Figure  16  and  Lit. 105). 

4.4  Data  on  Qiisslvlty 

Data  on  radiation  properties  are  reported  in  Touloukian’s  recent  book  on  therao- 
physlcal  properties  of  high  temperature  materials  (Lit. 166)  and  in  the  TPRC  data  sheets 
(Lit  84). 

So  far  emissivlty  values  of  the  following  materials  of  interest  to  the  AQARD  Panel 
have  been  published: 

Metals:  Cr,  Co,  Au,  Fe,  Mn  Mo,  Ni,  Pt,  fch.  Ag,  Ta,  Ti. 

Alloys:  Ni/Cr,  Ti/Mn,  Ti/Nb,  Ti/Al. 

Non-Metals:  TiC.  SiC,  graphite. 

A  team  of  specialists  is  collecting  data  on  emisslvity  for  the  new  edition  of  the 
Landoldt-Bomstein  book  (Lit. 88).  Those  interested  may  contact  C.Tingwald,  PTB  (Vis.  10). 


5.  SURVEY  OF  THE  THEORY 

It  is  not  the  purpose  of  this  report  to  ent^r  into  a  profound  discussion  of  the 
theory  of  theraophyaical  p’operties.  In  viUs  section  only  a  brief  survey  of  the  most 
important  topics  is  given  in  relation  to  further  development  of  the  technical  appli¬ 
cation  of  materials  especially  at  high  temperatures,  where  measurements  are  difficult 
and  unreliable.  A  better  knowledge  of  present  theories  and  their  future  development 
enables  one  to  understand  the  atomic  mechanisms  and  at  least  the  phenomenology. 
Furthermore,  understanding  the  theory  enablea  one  to  estimate  the  possibility  of 
extrapolating  data  to  other  temperature  regions,  or  as  a  future  aim,  of  calculating 
theraophyaical  properties  theoretically,  without  experiment.  Discussion  is  mainly  of 
the  theory  of  thermal  conductivity:  the  theories  of  thermal  expansion  and  of  specific 
heat  are  mentioned  only  briefly. 

3. 1  Theory  of  Tract  sport  phenomena 

Although  thermal  conductivity  is  the  main  subject,  a  general  survey  of  electrical 
conductivity  ia  given  as  well.  General  treatments  of  the  theory  of  thermal  conductivity 
are  given  by  P.G.Rlemena  (Lit.  137,  138).  H. Jones  (Lit.  139)  and  J.M.Ziman  (Lit.  140,  141). 

The  mechanism  of  heat  transport  U  a  highly  complicated  phenomenon,  through  the 
combination  of  many  related  effects  which  cannot  be  considered  separately.  The  main 
contributions  to  heat  transport  come  from  phonons  and  free  electrons,  but  ambipolar 
best  flow,  photons,  spin  waves  and  excllons  also  contribute. 

With  the  concept  of  s  solid  aa  a  system  of  coupled  oscillator*  which  transmit  the 
thermoelastic  waves  as  a  has**,  it  Is  convenient  to  write,  by  analogy  with  the  kinetic 
theory  of  gases: 
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\  =  |  ZCjVj  lj  .  (14) 

where  c  is  the  specific  heat,  v  the  aean  velocity  of  p&rtlcles  and  the  mean 
free  path  of  particles;  j  describes  the  conducting  processes. 

TLs  heat  flow  bj  these  carriers  Is  Halted  by  a  variety  of  scattering  mechanisms, 
the  aost  important  of  which  are 

phonon  -  phc.ton  scattering, 
phonon  -  point  defect  scattering, 
phonon  -  electron  scattering, 
phonon  -  boundary  scattering, 
electron  -  phonon  scattering, 
electron  -  point  defect  scattering. 


The  main  problem  in  the  understanding  of  thermal  conductivity  is  the  determination 
of  the  mean  free  path  of  the  different  scattering  mechanisms. 

Because,  in  non-aetalllc  solids,  only  phonon  scattering  occurs,  this  group  of 
materials  will  be  di  cussed  first.  In  metals  electron  scattering  only  Is  dominant 
and  this  group  will  be  discussed  later. 

5.1. i  Conductivity  in  Insulators 

Beat  conduction  in  solids  without  free  electrons  is  due  to  lattice  waves.  In  this 
so-called  lattice  thermal  conduction,  kL  ,  the  heat  is  transported  by  directional, 
cooperative  Quantized  vibrations  (called  phonons)  of  the  ther.sally-excited  interacting 
lattice  loos.  The  same  phonons  are  responsible  for  specific  heat  and  thermal  expansion 
in  metals. 

the  phonon  distribution  is  disturbed  by  a  temperature  gradient  and  the  Interaction 
processes  tend  to  restore  the  equilibrium  distribution.  The  balance  of  these  two 
trends  causes  a  steady-state  non-equilibrium  distribution  and  a  resulting  heat  current, 
which  therefore  defines  the  therms)  conductivity. 

the  process  of  obtaining  an  expression  for  the  lattice  thermal  conductivity  starts 
with  the  Boltaann  equation  for  phonons.  The  solution  Is  generally  obtained  either  by 
the  use  of  a  variational  procedure  with  trial  functions  for  the  phonon  distribution, 
or  by  the  use  of  the  relaxation -time  concept,  in  which  It  Is  asaumed  that  the  disturbed 
occupeticn  number  of  etch  phonon  node  returns  exponentially  with  time  to  its  Planck 
distribution  value,  tlthin  the  relaxation-time  framework,  the  simplest  solution  of  the 
Boltawnn  equation  yields  an  expression  for  the  conductivity, 


•\  r  |  (  ci'*')  v*M  r  (.*.*)  , 


(15) 


where  c<«>  ie  the  contribution 
angular  frequency  .■  .  v{.)  is 
relaxation  time.  The  expression 
be  written 


to  the  specific  host  per  unit  volume  from  phonons  of 
their  group  velocity  and  r(.)  their  effective 
for  the  aean  free  path  of  phonons  i  can  similarly 


71 


\  =  j  / c(co)  vi(w)  dco  . 


(16) 


In  Insulators  without  point  defects  the  Bean  free  path  Is  Halted  by  departures  of 
the  lattice  vibration  fraa  the  staple  baraonlc.  In  the  resulting  Interactions,  the 
energy  of  the  interacting  phonons  is  conserved,  while  the  vector  sub  of  the  wave  embers 
aay  either  be  conserved  or  changed  by  a  reciprocal  lattice  vector.  The  interactions 
aay  Involve  any  number  of  phonons,  but  those  involving  three  phonons  aie  probably  the 
aost  laportant.  The  conservat ion  conditions  aay  then  be  written 

1ko1  +  licOj  =  Hoj3  (17) 

Qj  +  <J2  =  q3  +  g  ■  (18) 


o>  is  the  frequency,  q  the  wave  nurser  and  g  the  reciprocal  lattice  vector.  If 
g  =  0  the  interaction  is  a  Normal  process  (N  process),  while  if  g  is  a  reciprocal 
lattice  vector  there  is  an  Uaklapp  process  (b -process) .  N-  and  U-processes  Influence 
the  thermal  conductivity  in  a  different  way.  N-processes  do  not  change  the  heat  flow 
directly,  but  are  weans  for  energy  exchange  among  the  phonons.  U-processes  change 
directly  the  energy  and  the  direction  of  phonons  and  in  this  wav  the  heat  flux  is 
Halted  by  the  efficiency  of  the  process  in  restoring  the  equilibrium  phonon  distri¬ 
bution. 


Regarding  the  teaperature  dependence  of  the  conductivity  in  non-aetals,  three  regions 
can  be  distlngulnhed.  In  region  1,  at  sufficiently  high  temperatures,  when  T  »  ?D 
(0D  =  Debye  temperature)  the  heat  flow  through  the  crystal  is  determined  by  this  mutual 
scattering  of  phonons,  in  particular  by  U-proce-ses.  The  conductivity  is  an  intrinsic 
property  of  the  substance  and  is  inversely  proportional  to  the  number  of  phonons 
Nph  '  Nph  18  given  by  8o<le  (Lit. 86)  as 
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and  for 
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Fro*  these  results,  the  mean  free  path  (  is  proportional  to  the  reciprocal  of  the 
absolute  temperature  T  : 

1 


or.  for  high  temperatures. 


(22) 


This  temperature  dependence  is  aleays  observed  for  crystalline  dielectric  materials 
at  high  temperatures  and  can  be  weed  for  a  careful  extrapolation  to  higher  teaperature* 
if  the  temperature  dependence  of  the  lattice  pert  m  region  1  is  known. 
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At  increasing  temperatures  the  thermal  conductivity  becomes  more  and  more  complicated 
because  of  additional  conducting  mechanisms,  for  inscance  scattering  procesaes  of 
higher  order  and  conduction  hy  photons  aid  electrons.  The  behaviour  is  only  under¬ 
stood  qualitatively. 

Of  the  proposed  special  theories  for  isolators,  that  of  Leibfried  and  Schloman 
(Mt.  145)  is  used  most.  The  theory  was  developed  with  the  assumption  of  an  infinite 
ideal  crystal,  having  no  lattice  defects  and  impurities,  and  permits  the  calculation 
of  the  number  of  U-processes  and  their  influence  on  the  thermal  conductivity.  Some 
corrections  have  been  made  by  Steigmeier  and  Kudman  (Lit. 146),  relating  to  the  tempera¬ 
ture  and  material  dependence  of  the  non-harmonic  parameters  and  to  the  consideration 
of  higher  order  processes  (4-phonon-procesLes).  The  differences  between  experiment 
and  theory  are  consiaerable  and  the  quantitative  use  of  these  theories  is  restricted. 

With  decreasing  temperature,  the  probability  of  U-processes  is  diminished.  According 
to  the  theory  of  Peieris  (Lit. 142)  the  temperature-dependence  of  the  thermal  con¬ 
ductivity  in  this  tomperature  range  2  is  given  by 


and  should  be  infinite  at  the  lowest  temperatures. 

According  to  Klemens,  Berman  and  Zlman  (Vis. 20),  the  scattering  on  point-defects 
become  dominant  in  this  region.  Ibis  scattering  process  is  only  effective  for  phonons 
with  high  frequency.  With  decreasing  temperature  the  number  of  phonons  with  high 
frequency  diminishes.  Now  the  influence  of  N-processes  becomes  important;  the  fre¬ 
quency  spectrum  is  altered  and  phonons  can  be  changed  from  low  to  high  frequency. 

By  this  mechanism  the  exponential  increase  of  conductivity  with  decreasing  tempera¬ 
ture  is  inhibited,  resulting  in  a  reversed  temperature-dependence  at  the  lowest 
temperatures  of  thermal  conductivity  (temperature  region  3),  which  'asses  through  a 
maximum  at  about 

T  1  1 

fT  '  To  30  ' 

This  maximum  can  only  be  observed  fer  quite  pure  ■'aterials.  A  systematic  study  of  tne 
influence  of  point -defects  in  this  area  between  the  temperature  ranges  3  and  2  has 
been  made  by  Berman  and  his  collaborators  (Vis. 20,  Lit. 143)  with  Isotopes  of  light 
elements,  originally  l  iF  now  He  ■'/lie".  In  such  well  defined  mixtures  of  isotopes  the 
alteration  of  the  relaxation  tiw'>  for  N-processes  can  be  calculated, 

Callaway  (Lit.  544)  has  developed  a  relaxation  time  theory  which  factiitat.es  the 
calculation  of  the  low  temperature  benaviour  of  thermal  conductivity,  including  the 
maximum  region.  He  aucewdwd  in  introducing  a  combined  relaxation  time  for  the  various 
scattering  processes  effective  in  this  temperature  region.  His  expression  for  the 
thermal  conductivity  consists  of  two  terms  ,  normally  the  main  contribution,  and 
V,  ,  jrhich  may  be  regarded  as  a  correction  term  related  to  the  rewtment  of  N-processes. 
The  Callaway  theory  has  behn  used  successfully  to  descrHw*  the  thermal  conductivity 
of  a  *id;>  variety  ■<(  crystal*.  With  some  reservation*  the  behaviour  of  lattice  thermal 
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conductivity  at  low  temperatures  is  well  understood  and  can  be  treated  in  a  partly 
quantitative  manner.  An  exact  theory  baaed  on  theoretical  calculation  of  the  lattice 
forces  does  not  exist  at  present. 

Within  the  region  T  «  #D  ,  the  mean  free  path  oi  the  phonons  reaches  the  magnitude 
of  the  crystal  dimensions,  and  then  the  thermal  conductivity  is  de  . Med  b.v  the 
crystal  diameter  (Casimir,  Lit. 147)  and  also  by  the  specific  heat,  io»  the  wave 
velocity  is  approximately  constant,  ne  may  write 

K  a  c0d  *  T3d  ,  (24) 


where  d  is  the  crystal  diameter. 

In  this  temperature  region  the  thermal  conductivity  is  no  longer  an  intrinsic 
material  property.  The  simple  Equation  (24)  does  not  express  the  completely  different 
mechanism  of  scattering.  A  property  on  a  macroscopic  scale,  such  as  the  thermal  con¬ 
ductivity  [watt^sec^degree*1] ,  is  no  longer  significant,  if  this  property  depends 
only  on  the  geometr.  of  the  specimen  considered.  Taking  this  into  account,  it  is  not 
surprising  that  the  specimens  of  bad -conducting  glass  with  no  crystalline  long-range 
order  show  a  better  conductivity  than  crystalline  graphite,  which  is  a  much  better 
conductor  at  higher  temperatures. 

For  the  temperature  range  near  absolute  zero,  the  thermal  conductivity  is  directly 
proportional  to  temperature.  This  is  because  the  thermal  resistance  is  entirely  caused 
by  small-scale  defects  with  dimensions  smaller  than  the  dominant  phonon  wave  length. 

5.1.2  Thermal  and  Electrical  Conductivity  in  Metals 

Heat  transport  in  a  metal  is  principally  achieved  by  the  motion  of  conduction 
electrons.  The  lattice  thermal  conductivity,  \L  ,  becomes  significant  in  less  pure 
metals  and  in  alloys,  tnough  it  is  still  small  compared  with  the  electronic  contribution 
(\e).  Both  conduction  mechanisms  are  limited  by  various  scattering  processes,  each 
process  acting  as  a  separate  resistance  in  series.  The  measured  conductivity  A.  is 
approximately  the  sum  of  both  parts, 

\  \  \  ■  <25> 

The  lattice  part  cf  the  thermal  conductivity  amounts  only  to  a  few  per  cent.  This 
conduction  i“?chanisa  has  been  discussed  in  Section  5.1.1  for  non-metall lc  materials. 
Therefore,  in  the  following,  only  thermal  conductivity  by  electron  is  considered. 

There  are  two  main  scattering  processes  which  limit  the  electronic  conductivity  in 
the  expression  Equation  (25).  The  first  is  the  scattering  of  conduction  electrons  by 
thermal  vibrations  of  the  lattice  (the  phonons),  as  represented  by  the  elect ron -phonon 
tesistivlty,  .  u  characteristic  property  for  a  given  metal.  This  scattering  is 
moat  important  at  intermediate  temperatures  (about  40  to  80°K>  and  higher.  The  second 
process  Is  the  scattering  of  conduction  electrons  by  imperfections  (both  impurity 
at'*s  and  lattice  defects),  as  represented  by  the  electron-defect  resistivity.  * 

This  scattering  is  most  important  at  the  lower  tempera*  ures.  The  reciprocal  of  the 
total  electronic  thermal  conduct i vity,  k  ,  is  the  total  electronic  thermal 
resistivity,  Wf.  ,  which  is  assuaei  to  be  the  sum  of  the  two  resistivities,  Wp  and 
>0  ,  plus  a  small  deviation  term  »po  .  that  is, 
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T!.is  equation  is  analogous  to  the  one  used  in  electrical  circuit  theory  for  the  total 
resistance  when  the  resistances  are  in  series. 


The  deviation  tern  has  been  studied  theoretically  by  Kohler  (Lit. 149)  and  indepen¬ 
dently,  in  experiments,  by  Powell  et  al.  (Lit. 150).  It  is  of  the  form 
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where  a  ,  0  ,  and  y  are  first  -order  constants  and  can  be  determined  experimentally. 
Though  theoretically  significant,  the  term  is  numerically  important  only  for  very  pure 
metals. 

Whenever  the  interaction  term  Wpo  is  negligible,  the  thermal  equivalent  of 
llatthiessen’ s  rule  for  electrical  resistivity, 
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is  approximately  correct. 

Powell  (Lit. 151)  has  given  a  graph  for  this  relation  and  its  equivalent  for  con¬ 
ductivity  (Pic  12).  With  knowledge  of  the  two  separate  terms  of  Equation  (28), 
prediction  of  the  total  electronic  thermal  conductivity  becomes  feasible. 

Both  theoretical  and  experimental  research  have  led  to  expressions  for  magnitudes 
and  temperature-dependences  of  the  electron-pbonon  and  electron-defect  resistivities: 

Wp  -  AT0  (29) 

(n  ^  2  to  3,  T  <  40°K);  Wp  c,  constant  (near  room  temperatures);  WQ  -  B/T  (at  all 
temperatures).  The  constant  A  in  the  electron-phonon  resistivity  term  is  related 
to  the  intrinsic  properties  (including  the  characteristic  temperature,  £0)  of  a  given 
metnl  and  will  not  change  for  minor  additions  of  chemical  impurities  or  physical 
iar-irfections;  F  in  the  electron-defect  resistivity  term  is  related  to  the  given 
amount  of  imperfection  Mid  residual  electrical  resistivity  of  the  actual  specimen. 
Above  40°K.  the  electrun-phonon  resistivity  approaches  a  constant  value,  often 
labelled  . 

(n  Figure  12  the  Lorens  number  L  is  also  shown.  It  is  defined  according  to  the 
Wledemann-Franz-Lorenr.  lrw  as  follows: 

i 

L  -  -  2448  *  10"'  .  (30) 

tT 


So«erfeld  related  the  Loren*  number  L 
elementary  charge  e  : 


L  ^  -- 

3 


to  the  Boltzmann  constant 


k  and  to  the 

(31) 
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As  seen  in  Figure  12,  the  Lorenz  ratios  for  a  high  conductivity  specimen  extrapolate 
to  approximately  the  Sommerfeld  value  at  0°K  but  fall  considerably  below  it  at  higher 
temperatures.  The  behaviour  of  the  low-conductivity  alloys  is  different:  the  values 
between  about  10  and  60°K  are  higher,  but  above  60°K  the  values  are  again  lower.  The 
regions  where  the  ratios  are  a  >ve  the  Sommerfeld  value  indicate  temperature  ranges 
where  lattice  conductivity  is  important. 

The  Lorenz  ratio  should  be  constant  if  the  conduction  electrons  are  scattered 
elastically.  This  is  approximately  true  at  high  temperatures,  where  there  is  a  large 
amount  of  thermal  vibration  giving  rise  to  large  electron-phonon  scattering,  and  at 
low  temperatures,  where  the  residual  term  is  predominant  in  the  electrical  resistivity. 
At  intermediate  temperatures,  the  condition  of  elasticity  no  longer  holds,  the  Lorenz 
ratios  decrease  considerably  from  the  Sommerfeld  value,  if  the  lattice  thermal  con¬ 
ductivity  is  negligible.  Any  significant  amount  of  lattice  thermal  conductivity  will 
raise  the  Lorenz  ratio  above  the  value  it  would  have  had  if  only  the  electronic  term 
in  the  thermal  conductivity  were  considered. 

A  more  detailed  expression  for  the  Lorenz  number  has  been  derived  by  Ziman 
(Lit. 140.  141): 

tt2  k2  ,  sTVk4  /aV( 
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Here  the  Seebeck  coefficient  S  enters  into  the  second  term.  Up  to  now  the  third 
term  has  been  neglected  but,  according  to  McElroy  (Vis. 411,  it  should  be  taken  into 
account  in  the  future  and  used  to  explain  deviating  results. 

Finally,  a  simple  correction  of  the  Wiedeaann-Franz-Lorenz  relation  given  hy 
Biieklund  (Lit.  152),  which  is  widely  used  by  experimental  researchers,  should  be 
mentioned. 

Backlund  separates  the  electronic  thermal  resistivity  into  three  parts: 

*eT  due  to  thermal  scattering  of  electrons, 

W  _  due  to  spin-disorder  scattering. 

£  O 

f  j  due  to  impurity  scattering. 

He  writes 

with  ,’T  "  -Dg  *  bT 

•here  ?  Is  tne  residual  electrical  resistance  and  b  a  constant.  The  Wtedemann- 
Frtnz-Lorenz  law  can  then  be  written  as 
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This  relation  holds  even  for  the  transition  metals  and  is  valid  in  the  region  where 
p  «  1/T  .  pQ  is  determined  by  the  temperature-dependence  of  the  electrical  resistance 
at  intermediate  temperatures. 

Backlund  reports  a  good  approximation  to  the  real  behaviour  for  iron  between 
90°K  -  1300°K  and  McElroy  confirms  this. 

5.1.3  Comparison  Between  Experiment  and  Theory 

Better  experiments]  methods  and  better  defined  specimen  materials  have  become  avail¬ 
able  in  the  last  few  years  and  some  research  teams  have  started  basic  research  to 
correlate  these  new  experimental  results  with  the  present  theories.  The  work  of  the 
following  teams  will  be  discussed: 

The  research  team  at  the  Clarendon  Laboratory,  Oxford  (Vis. 20),  studying 
lattice  conductivity  at  low  temperatures. 

The  research  by  R. L. Powell  on  the  low  temperature  behaviour  of  metals  (Vis. 38). 

The  work  of  Laubitz  (Vis. 25),  on  testing  the  validity  of  present  theories  for 
monovalent  metals  up  to  1000°C. 

The  studies  of  the  ORNL  group  (Vis. 41)  to  explain  the  conductivity  behaviour 
of  several  materials  up  to  1000°C  and  to  try  an  extrapolation  to  higher  temperatures. 

5 .1.3.1 

Berman  (Vis. 20)  has  shown  that  the  low -temperature  thermal  conductivity  of  dielectric 
crystals  may  be  explained  very  satisfactorily  by  Callaway’s  relaxation-time  theory. 
However,  when  T  6^  the  agreement  is  only  qualitative  in  most  cases. 

5. 1.3.7 

R.L. Powell  is  experimenting  in  the  low  temperature  region.  v?ith  a  set  of  copper 
specimens  with  various  impurity  contents  and  with  various  lattice  defects,  he  found 
that  the  intrinsic  thermal  resistance  and  the  residual  resistivity  are  additive  only 
if  the  latter  is  caused  by  differing  physical  states,  and  not  if  it  is  caused  by 
different  chemical  Impurities,  which  influence  the  intrinsic  resistivity  additionally. 

5. 1.3.3 

Laubitz  and  his  group  are  trying  to  calculate  theoretically  the  electronic  part  of 
the  thermal  conductivity  of  monovalent  metals,  using  experimental  results  on  the 
electrical  resistivity  and  a  theoretical  calculation  of  the  Lorenz  number.  The 
lattice  part  of  the  thermal  conductivity  is  calculated  theoretically,  using  Leibfrted 
and  Schlomann’ s  approach  (Lit. 145). 

As  shown  recently,  the  measured  values  agree  quite  well  with  the  theory  at  tempera¬ 
tures  higher  than  T  "D  -  2  .  The  agreement  could  be  extended  to  T  1.5  .  if  tt 

is  assumed  that  the  number  of  free  electrons  per  atim  is  about  0.6  instead  of  1.0, 
which  Is  compatible  with  present-day  knowledge. 
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5. 1.3. 4 

The  main  aim  of  McElroy' s  research  group  (Vis.  41)  at  Oak  Ridge  is  to  predict 
tve  temperature  behaviour  of  interesting  materials  at  higher  temperatures  with  the 
help  of  accurate  measurements  in  the  range  cf  about  0  to  1000°C.  On  the  same  rpecimen 
the  thermal  conductivity,  the  electrical  resistivity  and  the  thermoelectric  power  are 
measured.  Using  Ziman’ s  expression  for  the  Lorenz  number,  separation  of  the  measured 
thermal  conductivity  into  electronic  and  lattice  parts  is  attempted.  A  lattice  con¬ 
tribution  of  about  25%  is  found  for  tungsten.  A  prediction  of  the  thermal  conductivity 
up  to  1400°C  by  extrapolation  seems  to  be  possible,  using  this  research. 

5. 1.3. 5  Practical  use  of  .he  theories  jor 
predicting  thermal  conductivity 

As  pointed  out  in  the  previous  sections,  »  theoretical  prediction  o.*  thermal  con¬ 
ductivity  behaviour  seems  to  be  possible  for  well-defined  pure  monovalent,  metals  in 
the  medium  temperature  range,  as  shown  by  Laubitz  on  copper  between  300  and  1000°C. 

For  temperatures  below  300°C  the  calculated  values  agree  with  the  experimental 
data  only  if  arbitrary  assumptions  are  made.  Future  work  on  other  monovalent  metals 
should  determine  whether  the  calculation  of  thermal  conductivity  from  electrical  data 
is  justified. 

For  temperatures  above  1000°C  no  experimental  comparison  with  theory  exists. 
Additional  difficulties  in  the  calculation  can  be  expected  because  of  further 
scattering  processes. 

For  alloys  the  effect  of  point -defects  can  be  estimated  roughly,  if  these  are  dis¬ 
tributed  homogeneously.  (See  the  latest  contributions  of  Klemens  (Lit. 136).) 

There  is  no  chance  possibility  of  calculating  the  thermal  conductivity  in  complex 
alloys  if  thermal  instability  can  be  expected.  It  is  al3o  impossible  to  derive  the 
thermal  conductivity  of  heterogeneous  materials  from  the  theorv. 

The  extrapolation  of  exactly  measured  conductivity  data  to  higher  temperatures, 
using  electrical  data  additionally,  seems  most  promising,  although  the  complexity  of 
the  scattering  mechanism  has  often  not  been  understood  completely  so  far. 

The  conductivity  behaviour  of  pure  non -metal lie  conductors  at  very  low  temperatures 
is  beginning  to  be  understood. 


5.2  Specific  Heat  Theories 


Debye's  theory  on  specific  heat  is  generally  considered  to  be  sufficient  for  the 
consideration  of  this  thermophysical  property.  Debye  has  assumed  a  simple  isotropic 
three-dimensional  frequency  distribution  and  characterises  the  temperature-dependence 


of  »he  specific  heat  at  constant  volume  by  the  limiting  frequency 
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and  the  Debye  teaperature  Is  defined  as 

e  =  ^SSS.  .  (37) 

k 

At  very  high  teaperature  cy  =  3R  ,  because  ehv//kT  becomes  snail  when  ht  »  hv  , 
whereas  at  low  tenperatures  cy  =  &T3  ,  which  Is  the  sane  dependence  as  is  shown  for 
the  phonon  part  of  the  thernal  conductivity  at  very  low  tenperatures  in  Equation  (24). 

The  real  frequency  spectrun  can  be  detornined  by  neutron  scattering  aeasurenents 
(see  J. A. Krunhansl,  Lit. 155).  Knowledge  of  the  frequency  distributions  enables  the 
thernodynaalc  properties  of  the  crystals  to  be  calculated  by  neans  of  statistical 
foroulae.  This  field  of  research  is  inportant  for  discussion  of  the  theory  of  thermo- 
physical  properties. 

Further  efforts  in  solid-state  physics  have  been  directed  towards  a  separation  of 
the  various  parts  contributing  to  the  specific  heat,  which  is  determined  experimentally, 
using  Equation  (38).  A  discussion  of  new  results  has  been  given  by  Braun  and 
Kohlhaas  (Vis. 13.  Lit. 103). 


CP  =  <VC* >  +  CD  +  CE  • 


(38) 


where  cp  is  the  experimentally  determined  value,  cy  the  specific  heat  at  constant 
volume,  cD  the  Debye  part  and  cg  the  electronic  part.  Difficulties  arise  when  the 
specific  heat  at  constant  pressure  is  to  be  corrected  to  constant  volume,  using  the 


expression 


(39) 


where  (3  is  the  volume  expansion  coefficient,  a  the  isothermic  compressibility  and 
V0  the  atomic  volume  at  the  standard  temperature  T0  .  J3  can  be  found  from  (3  -■  3a , 
where  a  is  the  linear  coefficient  of  thermal  expansion.  However  the  t^oerature- 
dependence  of  x  is  usually  unknown,  since  the  empirical  relation  (40)  of  Nernst  and 
Lindeaann  (Lit. 154),  with  a  constant  A  to  be  determined  by  experiment,  is  not 
generally  valid. 

c„  -  c.  -  A  c*  T  .  (40) 

P  ▼  P 


Braun  and  Kohlhaas  therefore  propose  to  divide  the  experiments’  c versus  T  curve 
directly  Into  the  lattice  part,  the  electron  part  and  the  magnetic  part.  By  this 
procedure  the  (cp-  cy)  correction  Is  needed  only  for  the  lattice  part. 


The  lattice  part  cp  ,  #tt  Is  composod  of  the  harmonic  part  cH 
from  the  non-harmonic  portion  of  the  lattice  vibration,  consisting 


(c„-c.) 


and 


i  it  t 


»  A 


and  a  sum  resulting 
Itself  of  the  part 


For  the  harmonic  approximation,  the  crystal  expansion  does  not  have  to  be  con 
sldered: 


CvH  '  CpK  “  CH  • 


(41) 
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According  to  Debye*  s  theory 


e. 


c„  =  c„-2  =  3R  (\  -  — V(0d/T)2 

20  J 


.] 


(42) 


For  the  correction  of  (c  -c_)  the  Griineisen  equation  (Lit.  153)  can  be  used: 

p  ’  latt 

(c.-Cv)  =  cd/3GT  ,  (43) 

p  v  latt  u 

where  the  Griineisen  coefficient  G  ,  given  by 

G  =  —2.  ,  (44) 

* 


is  nearly  independent  of  temperature. 

The  non-harmonic  part  of  the  specific  heat  has  so  far  only  been  approximated  by 

cyA  =  AT,  A  being -3  ....  -5  x  10‘3  .  (45) 

The  electronic  part  of  the  specific  heat  can  be  expressed  as 

cE  =  yT[l  +  P(-r0)T2]  =  yT  +  bT3  .  (46) 

where  F(£0)  is  a  function  of  the  Fermi  energy  £  .  For  free  electrons 

F  =  -3t7J/10T3  . 


y  can  be  calculated  from  specific  heat  measurements  at  low  temperature. 

The  magnetic  part  of  the  specific  heat  in  ferromagnetic  materials  can  be  expressed 


PM 


CP 


cdGT 


+  CD  + 


?pE  +  CVA 


(47) 


Using  this  expression  Braun  and  Kohlhaas  (Lit. 103 >  have  separated  the  experimental 
results  on  specific  heat  measurements  of  the  metals  Fe,  Co  and  Ni.  They  have  used 
the  adiabatic  calorimeter  (see  Section  2.  4. 1. 3)  and  the  results  are  shown  in  Figure  13. 
One  can  recognise  the  interesting  consequences  of  modern  research  in  the  field  of 
specific  heat,  showing  the  deviation  of  cQ  from  cp  . 

3.3  Remarks  on  the  Theory  of  Thermal  Kxparaton 

Thermal  expansion  is  caused  by  the  asymmetry  of  the  atomic  lattice  vibrations 

Originally  the  theoretical  treatment  began  from  consideration  of  th »  potential 
energy  of  two  lattice  components  as  a  function  of  the  asymmetric  elongation: 


ir> 


-  A  r'B  ♦  B  r‘n 


(48) 
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Griineisen  has  given  two  rules:  firstly 

a  =  constant  k  cy  ,  (49) 

which  means  that  the  temperature-dependence  of  the  thermal  expansion  will  follow  that 
of  the  specific  heat  cy  .  Or  inversely:  by  exact  measurement  of  the  lattice  expansion 
the  temperature-dependence  of  the  specific  heat  cy  can  be  controlled. 

Griineisen’ s  second  rule,  expression  (50),  enables  one  to  estimate  the  constant  in 
expression  (49). 


3a 


cy*  m  +  n  +  3 


(50) 


m  and  n  ,  the  exponents  of  expression  (48)  are  independent  of  temperature  within  a 
wide  temperature  range. 


As  the  compressibility  x  is  nearly  temperature-independent,  the  cubic  coefficient 
of  expansion  3a  (=  0  for  isotropic  materials)  will  follow  Debye’s  T3  law  also  at 
low  temperatures. 

In  recent  years  a  careful  experimental  investigation  of  the  Griineisen  parameter  G 
has  been  made  for  some  monatomic  crystals  by  several  authors.  The  general  conclusion 
is  that  G  remains  almost  constant,  over  a  wide  range  of  temperatures  near  the  Debye 
temperature  #D  of  the  solid,  while  in  the  lower  temperature  region  a  marked  deviation 
from  the  Griineisen  rule  occurs.  For  copper  this  deviation  results  in  a  reduction  in  G 
of  about  15*.  A  qualitative  explanation  of  the  effect  has  been  given  by  Bijl  and 
Pulian  (Lit. 156)  on  the  basis  of  a  continuum  model  of  the  crystal;  however,  the 
theoretical  range  of  temperatures  over  which  deviation  would  occur  is  much  higher  than 
the  one  experimentally  observed. 


In  Gallotto's  research  group  (Vis.  17)  basic  considerations  of  thermal  expansion 
behaviour  of  solid  argon  are  treated,  resulting  in  a  new  theory  by  Gallinn  and  Omini 
(Lit. 135).  Argon  is  used  because  only  of  this  material  are  the  intermolecular  forces 
known  with  sufficient  accuracy. 


6.  CURRENT  ACTIVITY  ON  THERROPHYSICAL  PROPERTIES 
IN  NATO  COUNTRIES  AND  PROPOSALS  FOR  FUTURE 
COLLABORATION 

6.  I  Current  Activity 

In  the  course  of  my  visits  through  the  NATO  countries  I  found  a  large  mimber  of 
institutions  and  specialists  interested  'n.  and  working  intensively  in,  the  field  of 
thermophyKical  properties  of  solid  material  at  high  temperature  (ace  Section  3.1). 

% 

In  Europe  the  specialists  work  mostly  in  establishments  or  nuelear  energy  centres 
or  in  industry  It  teem*  that  most  of  them  do  not  have  sufficient  contact  with  other 
specialists,  tn  many  oases  they  even  do  not  know  each  other,  nor  are  they  aware  of 
the  research  problems  of  others.  The  initiative  of  R  t.  Powell  in  gathering  all  the 
specialists  together  for  a  discussion  In  Teddington  * n  le«A  is  gsgnificant  vLit. ;(;«). 
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but  now  all  activity  in  the  field  of  thermophysical  properties  has  been  discontinued 
at  Teddlngton. 

On  the  other  hand,  specialists  in  the  USA  are  collaborating  and  the  Canadians  havo 
Joined  then.  This  led  firstly  to  special  BeetingB,  the  most  important  of  which  are  the 
annual  Thermal  Conductivity  Conferences  which  have  been  held  since  1981,  sponsored  in 
turn  by  the  leading  laboratories.  A  limited  number  of  copies  of  the  proceedings, 
containing  all  the  reports  presented,  are  then  Issued  (Lit. 107-112,  see  also 
Section  1.3.4). 

Secondly,  this  personal  contact  between  specialists  resulted  in  cooperative  tests 
on  interesting  specimens  (see  also  Section  6.2).  The  first  one  was  started  by  Battelle 
on  the  thermal  conductivity  of  iron,  and  last  year  the  differences  in  the  published 
data  on  the  thermal  conductivity  of  platinum  were  clarified  (Vis. 30,  Lit. 91,  92). 

Furthermore,  some  leading  specialists  are  trying  to  prove  the  validity  of  the 
present  theories  on  thermal  conductivity  by  precise  measurements.  Such  fundamental 
research  is  done  in  Canada  (Vis. 25)  and  in  the  USA  (Vis. 41),  (see  also  Section  5). 

For  applied  research,  an  extended  technical  programme,  supported  hy  the  US  Air  Force, 
with  the  aim  of  developing  high-temperature  thermal  conductivity  standards,  was 
initiated  in  1965  (see  Section  6.2). 

The  efforts  made  to  create  specimen  banks  for  standards  deserves  mention.  The 
National  Bureau  of  Standards  at  Boulder,  Colorado,  is  preparing  standards  for  thermal 
conductivity  measurements  at  low  temperatures.  Similar  efforts  are  under  way  in 
Germany,  where  thermal  conductivity  standards  for  the  medium  temperature  range  can  be 
bought  from  the  PTB  (Vis. 10). 

A  central  institution  for  studies  in  theraophysical  properties  of  materials  is  the 
TFRC  in  West -Lafayette,  Indiana  (Vis.43<,  supported  by  the  NBS,  the  US  Air  Force, 
American  Industry  and  other  institutions.  The  task  of  this  centre  Is  to  gather  all 
available  data  on  thermophysical  properties  (cf.  Section  4),  to  select  well-proved 
data  and  to  control  their  validity  by  experiaenta  at  the  centre. 

Although  a  large  number  of  laboratories  are  equipped  for  research  on  thermophyslcal 
properties,  net  all  of  them  seem  to  be  able  to  mak*  full  use  of  their  capacity  and 
suitable  research  projects  are  awaited. 

U  Standards  for  Thermal  Conductivity  measurement 

C.  ?  !  r^nrrat 

The  first  step  towarls  achieving  comparable  results  In  thermal  conductivity  measure¬ 
ments  Is  to  make  •uttabl*.  well-defined  standard*  available.  Many  efforts  have  been 
made  to  find  such  standards  for  high  tesperature  work. 

A. D  Little  Inc.  (V.t.36,  Lit. 93,  *ee  altv>  Section  6.2.2)  have  established  tV» 
following  criteria  for  an  Ideal  thermal  conduct  lvlty  standard: 
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(a)  There  shall  not  be  any  phase  change. 

(b)  The  radiative  contribution  to  the  heat  transfer  aust  be  negligible. 

(c)  Tho  material  should  be  Isotropic,  for  nan;  types  of  thermal  conductivity 
equipment  require  this. 

(d)  The  uterial  should  have  a  homogeneous  mlcrostructure. 

(e)  The  mlcrostructure  should  remain  stable,  regardless  of  the  heat  treatment. 

(f)  The  vapour  pressure  Bust  be  low,  for  aany  instruments  work  In  vacuum. 

(g)  The  staple  materials  Bust  have  sufficient  Bechanlcal  strength  to  withstand  the 
loading  applied  during  the  aeasuresents  and  the''  Bust  not  creep  or  distort 
during  the  test  period. 

<h)  The  thermal  shock  resistance  should  be  good. 

(1)  The  Baterial  should  have  good  machlnabiiity  and  good  fabricablllty. 

(k)  The  aeltlng  point,  must  be  sufficiently  high. 

( l )  The  material  must  be  chemically  stable. 

(b)  The  material  should  be  easily  available  and  should  not  be  tcc  expensive. 

RecrystalliSbtion  has  not  been  considered,  in  the  study  referred  to,  as  a  severe  dis¬ 
advantage,  since  grain  growth  can  be  minimised  by  prior  annealing. 

The  use  of  very  pure  aetals  is  not  favourable  because  their  physics1  properties  are 
highly  sensitive  to  small  amounts  of  impurity.  Only  in  the  region  below  room-temperature 
is  this  aspect  important.  Thus  only  a  relatively  small  group  of  materials  may  be 
appropriate. 

At  ambient  temperatures,  and  up  to  about  1000°C,  the  following  metals  have  received 
attention  from  several  investigators: 

Armco  iron  and  high  purity  iron, 
nickel, 

Inconel  702. 
platinum. 

Iron  was  found  to  be  an  excellent  thermal  conductivity  standard  below  910°C  (phase 
change  to  y-iron).  High  purity  iron  ts  a  better  reference  saterlel  than  Armco  iron, 
which  la  rather  sensitive  to  heat  treatment.  The  temperature -dependence  of  the  th?ns*l 
conductivity  c.yn  be  controlled  by  calculating  the  thermal  conductivity  Trum  the 
electrical  resistivity  and  the  lattice  portion  (Lit.S2). 

Because  of  the  chemical  instability  of  iron  the  more  stable  nickel  Is  proposed  as 
a  stands  ■>.  According  to  l.Spyra  tCKW.  Vis.6»  it  j:au  he  used  between  -100  ar4  ■»350c,t\ 
where*  the  accuracy  of  the  smoothed  curve  1»  within  about 

To  overcome  the  chemical  Instability  r.f  iron  at  high  temperature.  Inconel  was  pro- 
as  a  standard.  Rut.  a»  recent  studios  have  shown  (Lit  95.  96).  Ihl*  complex 
alloy  is  unsutrabl.?  because  of  ;fs  sensitivity  to  h»at  treatment. 

Platinum  is  chefc.catly  st*.*5le  oyer  the  whole  t-jmperalurr  r*n*e.  but  vers  different 
results  on  its  thermal  conduct  iv it y  have  been  reported  *»ee  Figure  5).  According  t*> 
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the  last  conference  on  thermal  conductivity  (Vis. 31,  Lit. 91),  agreement  between  all 
those  scientists  present  was  achieved.  The  thermal  conductivity  of  platinia  of  not 
extreael.v  high  purity  is  now  known  up  to  1000°C  within  ±2%  and,  although  the  thermal 
conductivity  is  affected  by  purity,  plattnua  seems  to  be  a  suitable  standard  up  to 
1000°C  (see  Plgure  14). 


6.  2.  2  Ihe  US  Air  Force  Programme  for  High  Temperature  Standards 

The  US  Air  Force  has  given  a  contract  io  A. D. Little  Inc.  to  develop  standards  in 
the  temperature  range  between  1000  and  2700°C  (Vis. 27,  35).  Within  this  programs 
materials  within  a  wide  ranga  of  conductivities  and  readily  available  in  consistent 
quality  are  considered. 

The  materials  are  distributed  by  A. D. Little  to  ten  institutes  using  different  methods 
for  comparison  of  the  measurements.  The  first  results  were  expected  In  the  spring  of 
1967  and  the  programme  was  due  to  be  finished  by  the  end  of  1967.  At  the  time  of  the 
visit  to  A.D.Little  Inc.  (October  1966)  the  following  materials  had  been  selected: 


ceramics: 
intense  tallies: 
metals: 
graphites,: 


A1  0  ThO„ , 

2  J  d 

sintered  TiB^, 

sinterd  and  arc  molten  W, 

the  types  CER  and  RVD  of  the  UCC  and  POOO  1924-H. 


It  would  be  of  greet  Interest  for  research  workers  in  Europe  to  compare  these  American 
test  results  with  their  own. 


S.3  Proposals  for  Future  Collaboration 

In  discussing  the  special  problems  in  this  report,  several  proposals  for  collabora¬ 
tion  within  the  AGARP  framework  have  already  been  made.  In  this  section  some  ideas 
on  the  necessity  anti  f”4ority  of  research  in  different  fields  is  discussed. 

•*.  V.  '  l.i  terature 

The  ilterature  has  been  collected  by  the  TPRC  (Vis.  4’)  a  id  Is  universally  available 
on  request  and  no  further  individual  activity  ‘ be  neesaary.  A  team  of 

specialists  within  AGARP  could  seek  methods  of  direct  collaboration  with  this  well 
organised  research  centre. 

A  critical  discussion  of  these  inferences  by  a  team  if  specialie's  within  AGARD 
would  be  helpful  to  the  TTF.C  in  proposing  recommended  'alues. 

Si-vaiar  - 

As  already  mw.ti-.ned.  the  availability  of  standards  is  the  first  step  towards  s 
comparison  of  methods  u;ul  equipment.  The  standards  should  be  tested  by  as  many 
specialists  as  terrible. 

TV  best  procedure  t  >r  AGARfi  specialists  would  be  to  join  one  of  the  existing 
Am.  :  ic  in  programmes,  eventually  enlarging  or  supplementing  them  frow  more  genera, 
points  of  view. 


84 


Such  collaboration  would  be  of  advantage  not  only  to  European  specialists,  giving 
them  a  good  contact  with  this  organised  research,  but  also  to  the  American  programmes 
themselves,  by  using  the  European  research  capacity  for  comparison  beyond  the  frame¬ 
work  of  the  research  contract. 

6.3.3  Specialist  Conferences 

As  the  annual  American  Conferences  have  shown,  personal  contact  and  continued  dis¬ 
cussion  promote  the  development  of  this  science  in  u.i  unique  way.  The  improvement  in 
accuracy,  to  ±2%,  of  experimental  results  on  thermal  conductivity  at  1000°C  is  due  to 
interchange  of  experience  during  these  well-coordinated  conferences.  The  best  proposi¬ 
tion  is  for  AGARD  specialists  to  enlarge  these  conferences  through  participation  by 
the  European  nations,  provided  that  the  difficulties  of  travelling  and  expense  can  be 
overcome.  European  conferences  on  thermal  conductivity,  or  more  generally  on 
"therirophysical  properties  at  high  temperatures”,  should  be  arranged. 

6.3.4  Comparative  Testing  of  Different  Methods 

The  activities  of  scientists  in  the  measurement  of  ther mophysical  properties  develop 
from  tlie.tr  special  research  interests,  such  as  solid-state  physics,  nuclear  technology, 
aeronautical  research  general  engineering  aspects,  etc.  Every  scientist  uses  methods 
most  suitable  for  his  own  purposes  and,  since  the  .‘.etting-up  of  the  apparatus  and  the 
achievement  of  precise  measurements  is  very  time-emsuming,  all  scientists  try  to  find 
experimental  solutions  only  for  their  own  problems.  The  use  of  different  methods  for 
comparing  result-’,  seems  to  have  been  neglected  in  the  further  development  of  a 
standard  programme,  a  critical  comparison  of  the  different  methods,  and  perhaps  develop¬ 
ment  of  newer,  better  methods,  should  be  considered.  This  is  especially  important  for 
the  electrical  direct -heating  steady-state  methods  and  the  periodic  non-steady -state 
methods.  Neither  group  has  found  as  much  favou-  as  seems  to  be  necessary  for  a  critical 
examinat ion. 

Part  of  thic  problem  is  to  obtain  a  uniform  definition  and  use  of  such  terms  as 
repeatability,  reproducibility,  precision  and  accuracy. 

6.3.6  Development  of  the  Tneory 

The  validity  of  existing  theory  on  thermal  conductivity  should  be  proved  experi¬ 
mentally  by  exact  measuring  methods  riid  it  might  then  be  extended  to  simple  alloys. 
However,  the  development  of  methods  should  be  undertaken  before  starting  new  experi¬ 
mental  work  on  verifying  the  theory.  Although  theoretical  pre-calculation  of  the 
thermal  conductivity  does  not  seem  possible,  the  extrapolation  of  precise  experimental 
results  to  higher  temperatures,  as  well  as  the  estimation  of  the  effect  of  alloying 
elements  in  simple  alloys,  does  seem  possible. 

6  3  n  He  search  on  Thermal  Expansion 

Bulk  thermal  expansion  is  caused  by  lattice  expansion  Although  apparatuses  for 
the  determination  of  lattice  pweaaeters  at  high  temperature  are  well  developed,  no 
systematic  research  .n  lattice  expansion  for  refractory  materials  has  been  done. 
Theoretical  considerations  of  thermal  expansion  behaviour  should  be  based  on  X-ray 
measurements  and  this  c-.uld  provide  a  programme  of  work  for  a  teas  of  specialists. 
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The  situation  for  graphite  is  more  complicated,  as  already  mentioned  (Section  4.5). 
The  bulk  expansion  behaviour  is  determined  not  only  by  lattice  expansion  but  is 
influenced  to  a  nigh  degree  by  structural  parameters  of  the  artefact  (see  Figures  15 
and  16).  The  correlation  of  lattice  expansion  and  bulk  expansion  on  different  high- 
temperature  materials  should  be  clarified. 

6.3.7  Conc  luding  Remarks  on  the  Proposals 

As  mentioned  in  the  Introduction,  all  the  scientists  contacted  during  the  visits 
were  very  interested  in  collaboration.  This  is  true  of  European  research,  where  sc 
far  the  work  has  beer,  done  mostly  by  individuals,  as  well  as  for  the  American  research 
workers,  who  have  good  contacts  with  one  another  and  want  to  collaborate  with  their 
European  colleagues  as  well.  If  this  collaboration  could  be  promoted,  a  series  of 
problems  could  be  studied  within  an  AGARD  project.  Some  specific  ones  are  summarised 
as  follows: 

1.  Development  of  standards  for  thermal  conductivity  measurements. 

2.  Comparison  of  measuring  techniques  and  their  most  suitable  application. 

3.  Development  of  new  measuring  techniques,  especially  the  steady-state  direct- 
heating  methods  and  the  periodic  transient  ones. 

4.  Comparative  error  analysis  of  all  methods  and  critical  comparison  of  available 
results,  using  a  uniform  nomenclature. 

5.  Development  of  better  equipment  for  temperature  measurements,  especially- 
recording  pyrometers. 

6.  Testing  the  validity  of  present  theories  of  thermal  conductivity  for  pure  metals 
and  simple  alloys,  using  additional  measurements  of  electrical  properties. 

7.  Measuring  of  the  phonon-part  in  metals,  in  high  magnetic  fields  or  by  alloying 
techniques. 

8.  Promotion  of  new  theoretical  approaches  in  thermal  conductivity,  based  on 
exactly  defined  metals  and  simple  alloys. 

9.  Studies  on  thermal  expansion  behaviour,  using  high  temperature  X-ray  techniques 
as  a  basis  for  developing  older  tneories. 
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TABLE  I  § 

List  of  Chapters  and  Authors  in  the  Monograph 
“Thermal  Conductivity"  (edited  by  P.R.Tye) 


!  -Vame 

Address 

Topic 

Dr  P.  G.Klemens 

Westinghouse  Electric  Corp. , 
Pittsburgh  35,  Penn.,  USA 
(now  University  of  Connecticut, 
Storrs,  Connecticut) 

General  introductory  theory 
to  the  thermal  conductivity 
of  solids. 

Dr  G.K.  White 

Bell  Telephone  Laboratories, 
Murray  Hill,  New  Jersey, 

07971,  USA  (until  Oct.  1967) 

Measurement  of  solid 
conductors  at  low 
temperatures. 

Dr  M.J.Laubitz 

National  Research  Council, 
Ottawa  2,  Ontario,  Canada 

Measurement  of  good  conducting 
solids  at  high  temperatures. 

Dr  D.L.McElroy 

Oak  Ridge  National  Laboratory, 
Oak  Ridge,  Tennessee,  USA 

Measurement  of  thermal 
conductivity  by  radial 
flow  methods. 

Prof. 

U.K.  Danielson 

Iowa  State  University, 

Ames,  Iowa  50010,  USA 

Thermal  diffusivity  and  other 
non-steady-state  methods. 

Dr  E. Fried 

General  Electric  Company. 

PO  Box  8555, 

Philadelphia,  Penn.,  USA 

Thermal  conduction  contribution 
to  heat  transfer  at  contacts. 

Dr  R.W. Powell 

Thermal  Properties  Research 
Centre,  West  Lafayette, 

Indiana  USA 

The  thermal  comparator  method 
for  thermal  conductivity 
measurement. 

Dr  E.Steigmeier 

RCA  Laboratories, 

Zurich  5,  Hardturmstrasse  169, 
Switzerland 

Thermal  conductivity  of  semi- 
conUurMng  materials. 

Prof.  A. W. Pratt 

Dept,  of  Building  Sciences, 
University  of  Aston  in 
Birmingham.  England 

Theory  of  thermal  conductivity 
of  insulating  materials. 

Mr  M.J. Hickman 

Basic  Physics  Division, 

National  Physical  Laboratory, 
Teddingt.on,  Middlesex, 

England 

Measurement  of  thermal  con¬ 
ductivity  of  Insulating 
materials. 

Dr  fi. McLaughlin 

Dept,  of  Chemical  Engineering. 
Imperial  College, 

Kensington,  S.W.7.  Qiglnnd 

Theory  of  thermal  conductivity  I 
of  fluids. 

Dr  H.Ziebland 

Explosives  Research  and 
Development  Establishment, 
Waltham  Abbey.  Essex, 

England 

Measurement  of  thermal  con¬ 
ductivity  of  fluids. 

Mr  D.  F.  Flvnn 

National  Bureau  of  Standards. 
Washington,  DC,  USA 

.1 

Electrical  heating  methods. 

a 
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TABLE  II 

Insulators  for  Thermocouples 


Material 

Maximum  Temperature  ( °C ) 
(helium,  1  atm) 

A1203 

1800 

Bo 

2000 

BeO 

2100 

Hf02 

2200 

Th02 

2300 

TABLE  III 

Properties  of  Commonly  Used  Ihernocv^Ies 


Temperature  of 
Application 

Thermocouple 

E.M.F. 

(mV/°K) 

Accuracy 

Remarks 

about  40°K 

Au/0. 03Fe  vs  Ag/0.37Au 
Au/0. 03Fe  vs  Nb 

10-20 

10 

1 0.2 % 
±1-2% 

Lit. 6-8 

Lit. 6-8 

300°K 

Au/0. 03Fe  vs  >ONi/10Cr 

10-20 

±0.5% 

Good 

sensitivity 
at  1°K 

Lit. 6-8 

4°K  to  300°K 

-250°C  to  350°C 

Au/2. ICo  vs  Av/0. 37Au 

Cu  vs  Constantan 

5-40 

16-60 

±0.5% 

±0. 1°C 

Lit. 9-10 

- 200cC  to  1200°C 

Chro^l  vs  Alumel 

16-40 

350°C 
±0.  1°C 
350°C 
±1°C 

Changes  in 
vacuum 

Room  temperature 
to  1500°C 

Pt  vs  Pt/lORh 

5  •- 10 

1100°C 

±0.2% 

1100°C 

±0,5% 

i 

Operates 
very  well 
up  to 

1 100°C 

1000°C  to  1800°C 

Pt/6Rh  vs  Pt/30Rh 

10 

about 
±2°C 
at  15001 

c 

for  example. 
"EL  18” 
Degussa 
Hanau. 
Germany 
(Vis. 10) 

400°C  to  2400°C 

*/13Re  vs  f/25Re 

0.  02  -  35 

1 2% 

. 

Peith 
(Lit. 11) 
gave  a 
sensit ivity 
of  10. 3°C 
at  2000°C 

.  .  ..  _ _ _ 

L_ . 

(Vis  33) 
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TABLE  IV 

Data  for  a  Visual  and  a  Phoi ^electrical  Pyrometer 


Visual 

Photoelectrical 

Temperature  of  application 

T  >  600°C 

600  -  3700°C 

Sensitivity 

. 

at  1000°C,  ±1. 5°C 
at  2000°C,  ±5°C 
at  3000°C,  ±10°C 

±0.  04°C 

Accuracy 

- 

±1°C 

Response  time 

- 

10  sec 

Stability 

0. 002°C/h 
for  a  radiating 
area  of 

0.  3  x  0. 3  mm2 

TABLE  V 

Data  on  Automatic  Pyrometers 


Leeds  and  Vorthrup 

Pyro.  Inc . 

Sensitivity 

*0.  2°C  at  1063°C 

0.  14%  (peak-tc  -peak  noise) 

Stability 

0, 0017°C/h 

0. 005°C/h  at  1063°C 

Response  time 

l  sec 

0.1  -  0. 2  sec 

Minimum  object 
diameter 

1.4  OB 

..  - . - 

O.i  m 
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TABLE  VI 

Institutions  Using  Longitudinal  Heat  Flow  Methods 


Institutions 

Remarks 

Vis. No 

Canada 

NRC,  Ottawa.  Ontario 

up  to  1000°C 

25 

Germany 

DEW  Zentrallaboratorlum, 

Krefeld 

RT  -  100°C 
accuracy  ±2. 5% 

6 

Eur op. Transuranium  Inst., 
Karlsruhe 

RT  -  1000°C 
accuracy  15% 
only  tor  bad  conductors 

7 

Krupp,  Widla-Fabrik, 
Versuchsanstalt,  Essen 

RT  -  700°C 

9 

PTB,  Abt.III,  firme, 
Braunschweig 

RT  -  500°C, 
accuracy  2-3% 
thick  samples  used 

10 

University  of  Cologne, 

Instltut  fiir  theoretische 
Physik 

-180  -  100°C 
accuracy  ±  3. 5%, 
precision  12% 

13 

Italy 

1 

Euratom.  Inst. 

Servizio  Chimico  Fisico 

Ispra 

RT  -  600°C 
flat  discs. 

80-  120  m  dia. 

10-25  mm  thick 

16 

United  Kingdoa 

University  of  Oxford 

Clarendon  Laboratories 

1°K  -  90°K 
accuracy  ±5% 

20 

Bath  University  of  Technology 

-90°C  -  400°C, 
magnetic  field  10,000  gauss 

23 

USA 

NBS,  Cryogenic  Division, 
Boulder,  Colorado 

4°K  -  300°K 
accuracy  11% 

38 

NBS.  Building  Res.  Division, 
Washington 

i 

j 

i 

i 

! 

fa)  -  180°C  - .+  50°C 

(b)  RT  -  600 °C  in  air 

RT  -  750°C  in  vacuum 

(c)  RT  -  1100°C 
platinum  approximate 
accurfecy  1 1% 

j  (d)  IOC  -  1200°C 

cut  bar  approximate 
j  accuracy  12. 5% 

40 

t 

I 

‘ 

i 

i 

! 

!  OWB..  Oak  Ridge. 

Tennessee 

.-195&C  -  +100°C 
accuracy  tl.8% 

i  4i 

TPRC.  West -Lafayette. 

Indiana 

. . 

50°C  -  400° C 

in  construction 

1  .  .  . .  . 

43 

TABLE  VII 


Institutions  Using  Radial  Meat  Flow  Methods 


Institutions 

Remarks 

Vis. No 

Lit. No 

Gera  any 

Inst. f. Material-  u.  Fsst- 
korperkunde, 
Keraforschungszentrum, 
Karlsruhe 

500° C  -  2000°C 
radial  outflow 
high  temperature  gradients 

8 

159 

University  of  Cologne, 

Institut  fur  theoretische 
Physik 

RT  -  1000°C 
accuracy  ±6% 
radial  outflow 

13 

119 

Italy 

Euraton.  Inst. 

Servizio  Chimico  Fisico 

Ispra 

500°C  -  1000°C 
radial  outflow 

16 

USA 

AFSC,  Materials  Engineering 
Branch, 

Wright  Patterson 

Air  Force  Base.  Ohio 

up  to  2300°C 
radial  inflow 

27 

Atonies  Internutional 
Metallurgy.  Solid  States, 
Physics  and  Material 

Science  Groups, 

Canoga  Park,  California 

up  to  2700°C 
radial  inflow 
accuracy  ± 16% 

28 

122 

Battelle  Men.  Inst. 

Colunbus.  Ohio 

i000°C  -  2500°C 
accuracy 

to  1800°C 

18%  above 
radial  inflow 

29 

Dynatech  Corp. 

Csabridgc. 

Massachusetts 

(a)  up  to  2700°C 
accurst.,  +  10% 
radial  outflow 
commercially 
aval lable 
(bl  up  to  900°C 
radial  inflow 
in  development 

31 

123 

92 


TABLE  VII  (Continued) 


Institutions 

Remarks 

Vis.  No 

Lit. No 

USA  (continued) 

GEC,  Nuclear  Mat.  and 

Prop.  Operation 

Cincinnati.  Ghic 

800°C  -  2500°C 
radial  outflow 

33 

11 

124 

Lockheed.  Missiles  and 

Space  Company, 

Palo  Alto,  California 

up  to  2700°C 
accuracy  ±20% 
radial  Inflow 

36 

** 

Midwest  Research  Institute, 
Kansas  City.  Kansss 

up  to  2500°C 
radial  outflow 
in  construction 

30 

23 

Nat.  Beryllia  Corp. 

Haskell,  New  Jersey 

up  to  2500°C 
accuracy  ±10% 
radial  outflow 
commercially  available 

125 

ORNL,  Meta’s  and 

Ceramics  -^vision, 

Oak  Ridge,  Tennessee 

-156°C  -  +1000°C 
accuracy  ±2% 
radial  outflow 
up  to  2200°*’ 
in  development 

41 

22 

% 

Southern  Research  Institute. 
South  Birmingham. 

Alabama 

(a)  -140°C  -  +2250°C 
radial  outflow 
accuracy  ±5-15% 

(b)  -140°C  -  + 275<1°C 
radial  Inflow 
accuracy  ±7-12% 

42 

21 

I'CC,  Carbon  Products  Division, 
Parma  Technical  Center, 

Parma,  Ohio 

L  ....  . 

up  to  2800°C 
accuracy 

±20%  at  1000°C 
r 8  %  at  26O0°C 
pressures  up  to  33  atm 
radial  inflow 

r  ' 

i4\ 

i 

126 
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TABLE  VIII 

Institutions  Using  Flash  Methods 


Institutions 

Remarks 

. 

Vis. No 

Lit. No 

France 

Sud  Aviation,  Div.Spat. 

up  to  750°C 

5 

- 

el  elec. ,  Courbevoie 

Italy 

CNRN,  Casaccia,  Roma 

up  to  1500°C,  accuracy 
±6%,  Xe-flash,  laser  in 
development  up  to  1000°C 

14 

127 

United  Kingdom 

British  Ceramic  Research 
Association, 

Stoke-on-Trent,  England 

only  at  room  temperature, 
Xe-flash,  thermocouples 
as  detectors 

19 

Reactor  Development  Lab. , 
Windscale,  England 

laser  flash 
up  to  1200°C 

23 

- 

USA 

AFSC,  Mat.  and  Eng.  Branch 
Wright-Patterson 

up  to  2500°C,  Ta-furnace 
InAs  as  IR-detector 

27 

115 

Air  Force  Base,  Ohio 

Atomics  International 

Canoga  Park, 

California 

up  to  1800°C,  laser 
detector  to  1500°C 
thermocouples,  above 
multipliers 

28 

43 

Batte’le  Memorial  Inst. 
Columbus.  Ohio 

up  to  2000°C,  laser 
(20  joules),  Ta-furnace. 
PbS-dctector.  multiplier 
in  const  ruct  ion 

29 

| 

GEC,  Nucl.  Mat  and  Space 
Operation, 
f  inrinnnt 1 . Ohio 

| 

up  to  1000°C ,  laser 
(20  joules),  Pt- furnace 
up  to  1600°C, 

PiiS-detector 

33 

j 

Lockheed.  Missiles  and 

from  1 50 °C  to  fiOO'T 

36 

45 

Space  Company 

Palo  Alto,  California 

i 

accuracy  M.5-X. 

Xe-  f  lash, 

with  laser  to  2400”C 

157 

CCC.  Car  tain  Prod.  Div 

Parma  Tochn  Center 

Parma,  Ohio 

up  to  900°C.  Xe-flash. 
thermocouples  as 
detectors,  accuracy  *24- 

44 
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TABLE  IX 

Institutions  Using  the  Angstrom  Method 


Institutions 

Remarks 

Vis. No 

Lit. No 

France 

8NECMA,  Usiue  do  Sure  sues 

in  preparation:  radiation 
heating  hy  a  plasma 
source  and  a  “persienne” 

4 

Germany 

Iastltut  fiir  angewandte 

Physik, 

Technlsche  Hochochule, 

Karlsruhe 

working  at  room  tempera¬ 
ture,  reproducibility 
±2-3%,  in  construction 
up  to  600°C, 
mechanically  regulated 

resistor  heating 

. 

12A 

United  Kingdom 

Bath  University  of  Technology 

up  to  400°C,  use  of  a 
semiconductor  as  heater 

23 

USA 

lost  State  University, 

Aoes,  Iowa 

up  to  900°C,  accuracy 
±2%  oirect  resistant 

heat 

49 

i 

Radio  Corporation  of  Anerica, 
Princeton, 

Nee  Jersey 

up  to  1000°C 
accuracy  ±2% 

' 

50 

95 


TABLE  X 

Institutions  Using  Periodic  Transient  Techniques 


Institutions 

Remarks 

Vis.  No 

Lit. No 

Prance 

SNECMA, 

in  preparation:  radiation 

4 

- 

Usine  de  Sureanes 

heating  by  a  plasma 
source  and  a  “persienne” 

i 

Gera  any 

Euratom  Inst.  f.Transurane, 

electron  beam, 

7 

20 

Kernforschungszentrum 

Karlsrul>3 

accuracy  about  ±5% 

Italy 

Euratom  Inst. 

electron  beam. 

16 

127 

Servizio  Chimico  Flsico, 

from  300°C  with 

Ispra 

IR-detector 

United  Kingdom 

ffiC, 

electron  beam, 

- 

Hirst  Research  Centre. 

from  300°C  with 

Wembley,  Middlesex 

IR-detector 

ISA 

Aerospace  Corp.  Mat. 

indirect  heating. 

26 

40 

Sciences  Laboratory, 

periodic  disc  methods 

53 

Los  Angeles, 

using  re-radiation  by 

California 

mirrors, 
up  to  280C°C 

American  Machine  and  Foundry 

periodic  electron  beam, 

116  | 

Coapany , 

1000°C  -  U00°0 

Alexandria,  Virginia 

accuracy  *  2K3- 

1!<V.  Carbon  Prod.  Olv. 

(al  periixlic  arc  image 

36  I 

I  Parma  Techn.  Center. 

up  t  o  3000 '  V 

j 

S  Parma.  Ohio 

(b>  periodic  cooling 

1 

L  ■ 

down  up  to  ;iOOO°C 
l 

. 

. .  J 
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TABIE  XI 

Institutions  Measuring  Specific  Heat  fay 
Adiabatic  and  Pulse  Methods 


Institutions 

-  - 

Remarks 

1'i  s ,  No 

Lit. No 

France 

Centre  d'  Etudes  Nucleaires 

Fontenay-aux-Roaes 

pulse  heating 

~~ 

62 

Gera  any 

University  of  Cologne, 

quasi -adiabatic 

13 

101 

Institut  fiir  theorettsche 

up  to  160(J°C 

102 

Physik 

accuracy  ±2% 

103 

United  kingdom 

NPL, 

adiabatic 

22 

57 

Metallurgy  Division 

up  to  I500°C 
accuracy  il% 

USA 

Atomics  International 

pulse  heating 

28 

61 

Metallurgy,  Solid,  States, 
Physics  and  Material 
|  Science  Groups, 
i  Canoga  Park,  California 

i 

i 

no  temperature  !  imit 

OML, 

pulse  heating 

41 

60 

Metals  and  Ceramics  Division 

100  -  1400°C 

Oak  iUdgo,  Tennessee 

accuracy  tl* 

reproducibility  to . H 

j 

|  University  of  Tennessee 

adiabatic 

i  45 

54 

i  Oep.  Chew.  Met,  Fun*. 

501  -  1000”C 

55 

Knoxville.  Tennessee 

aoc uracy  *0,  y% 

56 

L  . 

l  .........  . . 

L  ... 

TABl  E  XII 


Institutions  Measuring  Ffcissivlty 


1 - 

Institutions 

Remarks 

Vis. No 

Lit  .No 

France 

Sud  Aviation, 

Div,  Spat,  et  Electron, 

Courbevoie 

determination  of  the 

total  emittance 

Germany 

PTB,  Braunschweig,  also  - 
Inst. Berlin  Abbestr. 1-12, 

Dr  Sauerbrey;  Inst.f. 
Elektrowersstoff . a.  PNG, 

Prof. Dr  Mecke,  Freiburg, 
Eckerstr.4;  Elektrcwarme  - 
Inst. Dr  K.Heroid,  Essen, 

Beethovenstr . 32 

up  to  2500°C 
accuracy  ±2% 

(other  addresses  are 
from  information  given 
by  PTB  (Vis. 10) 

USA 

AFSC,  Mat.  and  Eng.  Branch, 
Sfrigtit-Patterson 

Air  Base,  Ohio 

laser  source  integrating 
sphere  reflectometer  4  up 
to  2500°C,  accuracy  a  1%, 
ellipsoidal  mirror 
reflectometer  (room 
temperature)  centre  post 
technique,  deep  cavity 
technique,  up  to  2000°C 

Battelle  Memorial  Institute. 
Columbus,  Ohio 

hole-tn-tube  method 
up  to  2000°C 

Southern  Research  Institute. 

South  Birmingham, 

Alabama 

determination  of  spectral 
emittance,  up  to  2750°C. 

accuracy  t  \2% 

i 

National  Bureau  of  Standards. 

Washington 

nearly  the  same  equipment 
as  at  the  AFSC, 

mentioned  above 
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TABLE  XIII 


Institutions  Using  Interferometry  Methods 


Institutions 

Remarks 

Vis. No 

Lit. No 

Italy 

Inst,  of  Thermometry 

Turin 

temperature  range 

90-  273°K 

18 

128 

USA 

NBS  Gaithersburg 

Fizeau  method, 
laser  as  light  source, 
up  to  1000°C 
(under  development) 

39 

69 

UCC,  Parma 

Newton  method 
up  to  1000°C 

44 

70 

09 


TABLE  XIV 

Institutions  t  sine  Optical  and  X-ray  Methods  for 
Measuring  Therual  Expansions  at  High  Temperature 


Ttierirel  conductivity  of  gold 


Pig. 3  Thermal  conductivity  of  iron  (Armco) 


Thermal  conductivity  of  p^atinun 


Thermal  conductivity  of  titanium 


Pi*.  7  i'heriBal  conductivity  of  tungsten 


Fig, 9  Tt>er»al  conductivity  of  875S  graphite 
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Fig.  11  Plot?  of  .'.L  1,  versus  T  °C  for  W,  Mo.  Nb  and  A1,0 
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Figure  16 
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